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ABSTRACT 
Tuart (Eucalyptus gomphocephala DC.) is an ecologically and culturally 
important tree species that grows across a narrow 400 km long coastal belt, from the 
Sabrina River south of Perth, to Jurien Bay in the north. Unfortunately, Tuart is also 
a species under considerable threat due to clearing, lack of recruitment and canopy 
decline. Canopy decline is of particular concern, being increasingly reported 
throughout the Tuart distribution. Despite this, previous studies of Tuart have 
generally been limited to localised canopy decline events. 
This two-phased study firstly involved an assessment of Tuart canopy 
condition at 46 sites across the species distribution. At each study site the canopy 
condition of no less than 20 Tuart trees was assessed using estimations of canopy 
completeness, measures of canopy size reduction, and through the scoring of canopy 
condition indices. The second phase of the study involved collecting data on a wide 
selection of environmental factors considered to be important to canopy condition. 
These included factors of stand structure, understorey composition, landform (soil 
type, geology, topography, and geography), climate (gradients and change), 
hydrology (depth, depth change, and chemistry), fire regimes, pollution and 
anthropogenic disturbance (fragmentation and site disturbance). 
Assessment of canopy condition indicates that most the Tuart distribution has 
slight to moderate canopy decline, and is characterised by a mean canopy 
completeness of 70 percent. Most of this canopy decline is considered to be 
background (stand level) decline and likely to be a characteristic of the species. 
However, the lack of comparative studies using similar methodology makes the 
determination of the current state of Tuart canopy condition difficult. Long-term 
monitoring of Tuart canopy condition is therefore recommended to determine 
temporal trends in canopy condition. 
The main area of concern for Tuart conservation was found to be the 
Yalgorup region, where trees had typically less than 30 percent canopy 
completeness. Severe canopy decline in this region is similar to dieback reported in 
other eucalypt species from across Australia, that is, gradually receding canopy 
foliage leaving stag-headed trees and abundant epicormic foliage. Localised cases of 
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canopy decline, similar in structure to that of the Yalgorup region, were found at 
Yellagonga, Neerabup and Ludlow National Park. 
Investigations into environmental factors found severe canopy decline in the 
Yalgorup region is associated with higher rainfall, finer and shallower soil, higher 
groundwater alkalinity and salinity, and greater rates of groundwater salinity 
increase. Elsewhere Tuart canopy decline was found to be associated with nutrient 
enrichment (high topsoil ammonium nitrogen) and high levels of fragmentation. 
Environmental factors other than those mentioned do not appear to be causing Tuart 
canopy decline across the distribution, for example understorey competition, altered 
fire regimes and climate change. 
Future management of Tuart canopy decline needs to focus on the severe 
canopy decline in the Yalgorup region, and build upon the hypotheses proposed in 
this study to explain canopy decline. Low recruitment should also not be forgotten as 
a major cause of the species decline. 
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Chapter I .  
CHAPTER ONE 
INTRODUCTION 
"As for ourselves, so for the tree. Everything in the world must excel itself to be 
itself. " 
McDonald (200 1 )  
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1.1 Introduction 
Tuart (Eucalyptus gomphocephala D.C.) is a small to tall tree which grows 
along a narrow, roughly continuous, 400 km coastal belt from the Sabrina River south 
of Perth to Jurien Bay in the north (Boland et al. ,  1984; Brooker & Kleinig, 1996; 
Brooker & Kleinig, 1990). An endemic species to the Swan Coastal Plain in Western 
Australia (Keighery et al. , 2002), Tuart is an ecologically and culturally important 
species (Cunningham, 1998; Powell & Keighery, 2002). Unfortunately Tuart is a 
species that is under direct threat from tree decline (Beard, 1967; Bradshaw, 2000; 
Chilcott, 1992; 1994; DCLM, 2002; Fox, 1981; Fox & Curry, 1980; Fox & Dunlop, 
1984; Longman & Keighery, 2002; Main & Serventy, 1957; Meney, 1986; Meney & 
Fox, 1986; Mitchell, 2002; Piggot, 1994; Piggot & Loneragan, 1995; Powell & 
Emberson, 1981; Ward, 2000a, b). 
Tree decline is a major environmental predicament affecting numerous tree 
species across the globe and in particular Australia (Heatwole & Lowman, 1986; Old 
et al. , 1980; Reid & Landsberg, 1999). Tree decline is the progressive loss of trees 
from the landscape, through a combination of clearing, senescence, lack of recruitment 
and canopy decline (Reid & Landsberg, 1999). Tuart decline is associated with all 
these processes. Clearing has seen the loss of 72 percent of the pre European 
distribution of Tuart (TRG, 2002). Low recruitment is reported across the entire 
distribution (Bradshaw, 2000; Keene & Cracknell, 1972; Ward, 2000b), and 'known' 
canopy decline threatens at least 6 percent of the current distribution (Mitchell, 2002; 
Mitchell & Harvey, 2000; TRG, 2002). 
There are a number of methods available to determine tree decline, including 
genetic, dendroecological, population and canopy condition assessment (Dittmar et al. , 
2003; Jordan et al. , 2002; Juknysa et al. ,  2003; Pollman, 2003; Rogers, 2002). One of 
the most appropriate methodologies to study tree decline is through measurement of 
canopy condition (Stone et al. ,  2001). Measurements of canopy condition are widely 
used because they are considered successful indicators of tree vitality (a tree's ability 
to assimilate, survive stress, reproduce and react to changing conditions) and mortality 
(Dobbertin & Brang, 2001; UN ECE, 1998a, b). Canopy decline has become the most 
prevalent and threatening processes to Tuart in recent years (Longman & Keighery, 
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2002; TRG, 2002). Canopy decline is synonymous with dieback, a term used to 
describe tree sickness, characterised by the progressive dying of branches from tips 
towards trunks of trees (Lowman & Heatwole, 1992; Podger, 1980a; SAF, 1998). 
However, in Western Australia there is confusion with the term dieback, and its 
association with pathogen (i.e. Phytophthora cinnamomi) related tree declines 
(Longman & Keighery, 2002). 
Tuart canopy decline has been observed across the Tuart distribution since the 
early 20th century (Beard, 1967; Chilcott, 1992; 1994; Curry, 1980; Everett, 1968; 
Fulford & Murray, 1990; Kimber, 1980; Longman & Keighery, 2002; Main & 
Serventy, 1957; Meney, 1986; Meney & Fox, 1986; Mitchell, 2002; Piggot, 1994; 
Piggot & Loneragan, 1995; Powell & Keighery, 2002; Ward, 2000a, b), but only 
relatively recently received media and public attention (DCLM, 2002; Longman & 
Keighery, 2002; Mitchell, 2002; Mitchell & Harvey, 2000; Moeller, 2002; TRG, 
2002). Despite this, there has been no comprehensive assessment of Tuart canopy 
condition and spatial patterns of canopy condition across the entire Tuart distribution. 
Nor has any study investigated the associations and correlations of canopy condition 
with environmental factors across the entire distribution. Tuart canopy decline has 
been hypothesised to be caused by numerous environmental factors, including changes 
in fragmentation, fire regimes, herbivory, pathogenicity, climate, understorey, stand 
structure, soil condition, pollution and hydrology (Longman & Keighery, 2002; Powell 
& Keighery, 2002; TRG, 2002). 
1.2 Importance of Tuart and its Associated Community 
1.2.1 Cultural and Economic 
Tuart is a culturally important species named after the Nyoongar Aboriginal 
term "Toooart", and has a proud historic association with the inhabitants of Western 
Australia (Fox & Curry, 1980; Hunter, 2000). This is exemplified by the sixteen Perth 
streets that are named after the Tuart, one more than the dominant Eucalyptus 
marginata (Jarrah), as well as public distress over Tuart canopy decline and clearing 
(Anonymous, 1975a, b; Creedy, 1985; Longman & Keighery, 2002; MacDonald, 
2002; McCarthy, 2002; Moeller, 2002; Myles, 2002; Powell & Keighery, 2002). 
Outside Western Australia, Tuart is also well known, with many Australian and 
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international books listing the species as  important, for example: Living Trees of the 
World (Everett, 1968), Forest and Trees of Australia (Boland et al. , 1984) and The 
Trees that were Nature 's Gift (Cunningham, 1998). 
Nyoongar Aboriginal communities were the first known to benefit from Tuart 
and its associated community, known for its rich hunting grounds and abundance of 
water (Kay, 1985; Ward, 2000b). European settler's benefited from Tuart, using them 
for cattle grazing, fuel and timber (Cunningham, 1998; Fox & Curry, 1980; Kay, 
1985). Tuart was one of the first major timbers exported from Western Australia (circa 
1800) to England, India and Eastern Australia (Cunningham, 1998). Favoured for its 
interlocking grain and tight texture it is one of Australia's strongest and heaviest 
timbers with a density around 1020 kt3 (Boland et al. , 1984; Fox & Curry, 1980). 
Tuart uses included wagon wheels, tool handles, railway carriage decking and 
propeller shafts (Cunningham, 1998; Hunter, 2000). Commercial use of Tuart ceased 
following the 1918 Forest Act and State use with the closing of the last sawmill in 
Ludlow in 1974 (Cunningham, 1998; Kay, 1985; Ward, 2000b). 
Today Tuart remains important for plantations, being easily cultivated from 
seed and coppice with full establishment within 30 years (Cunningham, 1998; 
Keighery et al. , 2002; Little, 1983). Plantation Tuart has been used for fuel, flooring, 
framing, manufactured boards and posts (Little, 1983; Turnbull & Pryor, 1984). Tuart 
being used for sand stabilization, wheatbelt windbreaks and afforestation in semiarid 
lands, because it is tolerant to calcareous, saline and waterlogged soils (Cunningham, 
1998; Duke, 1983; Florence, 1981; Turnbull & Pryor, 1984). In addition Tuart flowers 
are known to yield good quality nectar, producing light coloured honey with pleasing 
flavour and fine grain (Cunningham, 1998; Gardner, 1987). 
Tuart also has important cultural and aesthetic values, with a colour scheme, 
size and form which is different from all other Swan Coastal Plain trees (Powell & 
Keighery, 2002). Remnant Tuart communities now provide centres for environmental 
education and recreation, as well as shade for numerous Perth city parks, for example 
Kings Park (City of Perth), Trigg Bushland Reserve (City of Stirling) and Bold Park 
(City of Cambridge) (Longman & Keighery, 2002). Tourism also capitalises on Tuart 
communities including the popular Yanchep, Yalgorup and Ludlow National Parks 
(Longman & Keighery, 2002). 
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Taxonomically Tuart is considered an important species worthy of 
conservation because it is genetically isolated with no ancestral species (Boland et al. , 
1984; Brooker & Kleinig, 1996; Brooker & Kleinig, 1990). Extinctions at even local 
scales would therefore be a major loss to biodiversity. This taxonomic isolation has 
been a controversial issue, where traditionally taxonomists have placed Tuart in the 
subgenus Symphyomyrtus and section Bisectaria (Pryor & Johnson, 1971). Recent 
taxonomy suggests Tuart and two other species Eucalyptus guilfoylei (Yellow tingle 
eucalypt) and Eucalyptus cladocalyx (Sugar gum) do not fit in existing sections of 
Symphyomyrtus (Brooker, 2000; Brooker & Kleinig, 1990). This is because of 
morphological differences, Tuart has a thick and hemispherical to shallow conical 
opercula rather than long, narrow and hollow shaped opercula of associate species 
(Boland et al. , 1984). Therefore the most recent taxonomy places Tuart in a monotypic 
section, Bolites, Greek for mushroom shaped, alluding to the shape of its buds 
(Brooker, 2000). 
1.2.2.2 Keystone status 
Tree species support a range of dependent flora and fauna, as well as 
facilitating ecosystem functioning, resulting from their importance in photosynthesis, 
nutrient cycling, microclimate, hydrology, habitat and resource provision (Attiwill & 
Adams, 1993; Chiras, 1991; Heatwole & Lowman, 1986; Reid & Landsberg, 1999). 
The importance of Tuart to the communities it dominates is not fully understood 
(TRG, 2002), but evidence of the impacts of Tuart and other tree declines suggest 
Tuart may be considered a keystone species. A good analogy of a keystone species is 
by Wilson (1992), 'The loss of a keystone species is like a drill accidentally striking a 
power line. It causes the lights to go out all over '. Over much of the Tuart distribution, 
Tuart decline threatens to remove a complete layer of the community (Longman & 
Keighery, 2002), with few other potential canopy substitute species. Therefore 
numerous rare, endemic and geographically significant flora and fauna species 
associated with Tuart are threatened by canopy decline (Dell et al. , 2002; Keighery, 
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2002; TRG, 2002). Further details of the flora and fauna associated with Tuart will be 
addressed in Chapter 2. 
Tree species have a host of associated flora species that, following tree decline, 
have been found to be affected (Heatwole & Lowman, 1986; Reid & Landsberg, 
1999). Tuart decline has been associated with floristic change, although results are 
inconclusive (Beard, 1967; Fox & Dunlop, 1984; Meney, 1986). In urban remnants the 
loss of the Tuart has been associated with development of a sparse, large shrubby layer 
and weed invasions (Beard, 1967; Bradshaw, 2000; Fox, 1981; Fox & Curry, 1980; 
Ruthrof, 2001). Weed invasion can lead to modification of the structure, functioning, 
diversity and abundance of communities (Hobbs & Atkins, 1991; Humphreys et al. , 
1991). Other studies that have found floristic change associated with tree decline 
include: Eucalyptus albens (White Box) decline in New South Wales (NSW) causing 
Themeda australis (Kangaroo grass) dominance and loss of Poa species; and E. 
marginata decline causing the loss of Stylidium scandens (Climbing Triggerplant) 
(Reid & Landsberg, 1999; Wills & Keighery, 1994). 
Tree decline can also cause understorey changes that negatively influence 
fauna diversity and abundance (Wills & Keighery, 1994; Wilson et al. , 1994). This is 
because trees provide food sources (exudate, flowers and foliage) and habitat (hollows, 
nests, litter and fallen branches) for a range of fauna, including possums, koala, 
kangaroos, insectivorous birds, bats and insects (Heatwole & Lowman, 1986; Recher, 
1997; Reid & Landsberg, 1999). For example, a study found 210 lizards/hectare in 
grassland compared to 1500 lizards/hectare in areas with fallen litter and branches 
from trees (Reid & Landsberg, 1999). Consequently tree decline has been associated 
with changes in fauna diversity and abundance, for example, E. marginata decline has 
been associated with low diversity and abundance of small mammals, and reduced 
arthropod diversity has been associated with tree decline across the Swan Coastal Plain 
(Recher et al. , 1996; Wilson et al. , 1994). 
1.2.2.3 Restricted distribution 
The threat of tree decline to Tuart is worsened by the restricted distribution of 
the species to a narrow coastal strip of high anthropogenic activity. Natural Tuart is 
restricted to a narrow 400 km coastal distribution by climatic and geological conditions 
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(Fox, 1981), see Chapter 2. Unfortunately the distribution also matches the area of land 
favoured for urban development and agriculture; consequently much is already cleared 
(Cunningham, 1998; Kay, 1985; Powell & Keighery, 2002; Ruthrof, 2001; Ruthrof et 
al. ,  2002). The Swan Coastal Plain is approximately 80 percent cleared with many of 
its woodland communities listed as endangered, such as Corymbia calophylla (Marri) 
and Xanthorrhoea preissii (Grass tree) woodlands (Beard, 1995; Mockrin, 2001; 
Poole, 1989). Estimates suggest only 30,311 hectares remain from 111,609 hectares of 
Tuart dominated communities prior to European settlement (McNamara, 2002a, b; 
TRG, 2003). The majority of the remaining distribution exists on private land (70 
percent), with only 19 percent in reserves and 11 percent in State forest or timber 
reserves (TRG, 2002; 2003). This remainder is highly fragmented, a process which is 
hypothesised to be facilitating Tuart decline (Keighery et al. , 2002; Mockrin, 2001; 
Ruthrof, 2001; Ruthrof et al. , 2002). 
Despite this, Tuart is considered generally well reserved compared to other 
species (Keighery et al. , 2002), although a number of Tuart communities are 
underrepresented and at risk (Gibson et al. , 1994a; TRG, 2002). For example, three of 
the four Tuart communities identified by Gibson et al ( 1994a) are rated susceptible and 
have little protection status. Reserved Tuart are also under threat from clearing, for 
example transport infrastructure development through Neerabup National Park and 
threat of mining in Ludlow National Park (Anonymous, 1975a, b; Creedy, 1985; 
MacDonald, 2002; McCarthy, 2002; TRG, 2002). Reserved Tuart is also highly 
degraded from past land uses including, cattle grazing and logging (Keighery et al., 
2002). 
1.3 Tuart Decline 
1.3.1 Clearing 
Clearing has been and remains one of the greatest threats to Tuart (Powell & 
Keighery, 2002; Ruthrof et al. , 2002). Clearing is a major problem because of the high 
percentage of Tuart outside secure reserves, coupled with the increasing population of 
the region (Powell & Keighery, 2002; TRG, 2002). For example, in 2002 the City of 
Wanneroo's population increased by 4,300 people and the City of Rockingham 
population increased by 2,200 people (ABS, 2003). This increasing population has led 
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to subdivision of urban blocks, as well as expansion of suburbs, leading to the 
subdivision of country blocks and pushing horticulture into grazed lands (Mockrin, 
200 1 ;  Powell & Keighery, 2002). Tuart is not a tree favoured for these smal l lots and 
new suburbs (Figure 1 . 1 ), often being replaced by exotic tree species such as, 
Corymbia maculata (Spotted gums) and Araucaria hetrophylla (Norfolk 1 sland pines) 
(Fox & Curry, 1 980; Powell & Keighery, 2002; Thompson, 2002) .  Since clearing is an 
understood threat it has not been dealt with in this study, but should be recognised as a 
major conservation issue for Tua.it. 
Figure 1.1 - Tuart clearing for housing at Bullerswood (near Mandurah). 
1 .3.2 Lack of Recruitment 
The deterioration of the population structure of Tuart has been recognised as a 
major cause of Tuart decline, observed since the start of last century (Beard, 1 967; 
Black, 1 997; Bradshaw, 2000; Keene & Cracknel l, 1 972; Ward, 2000a, b). Low 
recruitment is suggested to be the cause of the deterioration in population structure of 
Tuart, and it has been most reported at Ludlow National Park, Woodman Point and 
more recently in Yalgorup National Park (Beard, 1 967 ; Black, 1 997 ; Bradshaw, 2000; 
Meney & Fox, 1 986; Ward, 2000b). ln other eucalypts low recruitment has been 
recognised as a major problem leading to tree decline (Bennett et al. ,  1 994; Boardman, 
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1981; Landsberg et al. , 1990; Wilson et al. , 1995). Hypotheses for the cause of low 
recruitment suggest altered fire regimes, pollution, understorey competition, 
environmental weed invasions and past land use might be responsible (Figure 1.2) 
(Beard, 1967; Black, 1997; Bradshaw, 2000; Keene & Cracknell , 1972; Meney & Fox, 
1986; Ruthrof, 2001; Ruthrof et al. , 2002; Ward, 2000a, b). This study has not 
concentrated on recruitment related decline, except where it is associated with canopy 
decline. 
Figure 1 .2 - Recruitment suppression by dense Zantedeschia aethiopica (Arum 
lily) and Agonis flexuosa (Peppermints) understorey in Ludlow National Park 
(near Busselton). 
1 .3.3 Canopy Decline 
Currently, canopy decline is the most prevalent form of Tuart decline and has 
been noted in literature since the early 20th century (Beard, 1967; Chilcott, 1992; 1994; 
Curry, 1980; DCLM, 2002; Everett, 1968; Fulford & Murray, 1990; Kimber, 1980; 
Longman & Keighery, 2002; Main & Serventy, 1957;  Meney, 1986; Meney & Fox, 
1986; Mitchel l, 2002; Piggot, 1994; Piggot & Loneragan, 1995; Powel l  & Keighery, 
2002). Many hypothesised causes of Tuart canopy decline have been suggested, 
including: pollution, climate change, increasing fragmentation, soil condition changes, 
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herbivory, pathogenicity, understorey competition and altered fire regimes (Fox, 1981; 
Fox & Curry, 1980; Longman & Keighery, 2002; Meney & Fox, 1986). 
Traditionally, canopy decline seems to have been restricted to localised and 
periodic events, commonly associated with disturbance and altered fire regimes 
(Beard, 1967; Curry, 1980; Fox, 1981; Fox & Curry, 1980; Kimber, 1980; Main & 
Serventy, 1957; Meney & Fox, 1986; Piggot, 1994; Piggot & Loneragan, 1995; 
Ruthrof, 2001). These canopy declines have principally been restricted to mature Tuart 
in mainly urban remnants (Kings Park, Bold Park etc), although widespread canopy 
defoliation was reported in Ludlow National Park in the 1960s (Longman & Keighery, 
2002). Hypotheses propose high fire frequency in urban remnants is causing 
environmental weed invasions (increased competition), tree damage and predisposition 
to herbivore and pathogen attack (Fox & Curry, 1980; Piggot, 1994; Ruthrof, 2001). 
Herbivory by the Phoracantha impavida (Tuart borer) and Haplonyx tibialis (Bud 
weevil) have long been associated with Tuart canopy decline, but predisposing 
conditions are not fully understood (Curry, 1980; Fox, 1981). 
Tuart canopy declines have also been reported in the K winana industrial area, 
attributed to the affects of sulphur and nitrogen oxides pollution (Chilcott, 1992; 1994; 
Fox & Dunlop, 1984; Meney, 1986; Meney & Fox, 1986). Pollution has been 
responsible for many canopy declines in Europe and North America (Aamlida et al., 
2000; Bytnerowicz et al., 2003; Cape & Percy, 1998; Chiwa et al. , 2003; Dittmar et 
al. ,  2003; Heatwole & Lowman, 1986; Juknysa et al., 2003; Kandler & Innes, 1995; 
Modrzynski, 2003; Stribley & Ashmore, 2002; Vries et al. ,  2003). 
Recently, reports of Tuart canopy decline have focused on Yalgorup National 
Park (near Lake Clifton) (Longman & Keighery, 2002; TRG, 2002). Canopy decline in 
the Y algorup region is affecting some 16 percent of the total reserved Tuart 
communities ( 1,800 hectares), with up to 80 percent tree mortality in places (Figure 
1.3) (DCLM, 2002; Longman & Keighery, 2002; Mitchell, 2002; TRG, 2002). This, 
together with a general consensus of poor canopy condition across the Tuart 
distribution, has prompted public, media and scientific concern into canopy decline 
(Longman & Keighery, 2002; Moeller, 2002; Powell & Keighery, 2002; TRG, 2002; 
2003). 
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Currently the causes of canopy decline remain unknown, but hypotheses 
implicate numerous environmental factors (Longman & Keighery, 2002). These 
include: i) hydrological change (falling and rising groundwater, frequency of 
fluctuation, and chemistry change); ii) climate change (frost and low rainfall); iii) soil 
condition change (nutrient deficiency or excess); iv) herbivory (loss of control or 
increased susceptibly); v) understorey competition (environmental weeds invasion and 
lack of recruitment); vi anthropogenic disturbance (road works, clearing and 
fragmentation); vii) altered fire regimes (too infrequent or frequent fire); and viii) 
others (pollution and pathogens) (Longman & Keighery, 2002; Mitchell, 2002; 
Mitchell & Harvey, 2000; TRG, 2002; Ward, 2000a, b). 
Figure 1 .3 - Extreme canopy decline in Yalgorup National Park (near Lake 
Clifton) 
1.4 Summary 
The widespread canopy decline of Tuart across its distribution is a major 
concern to Tuart conservation, exacerbated by lack of recruitment and clearing. 
Canopy decline of Tuart threatens an ecologically and culturally important species, 
worthy of conservation. Despite this, no study has assessed the differing types of 
canopy condition and spatial patterns of these across the entire Tuart distribution. Nor 
has any previous study identified environmental factors associated with canopy decline 
across the entire Tuart distribution. The determination of canopy condition types and 
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their spatial patterns is the first step in diagnosis of the causes of canopy decline 
(Longman & Keighery, 2002; Podger, 1980a). This is important in order to quantify 
the current threat of canopy decline, and suggest which areas require priority 
management attention. Determining correlations and associations between 
environmental factors and canopy condition is the second part of the diagnosis of the 
causes of canopy decline (Longman & Keighery, 2002; Podger, 1980a). Identification 
of environmental factors associated with canopy decline allows the elimination of false 
hypotheses and the development of hypotheses to direct future research (Reid & 
Landsberg, 1999). 
1.5 Objectives 
This thesis is based on two objectives that attempt to address the current lack of 
knowledge on Tuart canopy condition across the entire species distribution. 
i. Tuart canopy condition assessment. The first research aim was to 
characterise and categorise the patterns of Tuart canopy decline across the entire 
species distribution. This was achieved by carrying out an assessment of canopy 
condition, to develop an understanding of the extent of canopy decline. In addition this 
allowed the selection and application of appropriate methods for determining canopy 
condition. 
ii. Association and correlations of Tuart canopy condition with 
environmental factors. The second aim was to identify associations and correlations 
between canopy condition across the entire Tuart distribution with environmental 
factors selected from canopy decline literature and ecological knowledge. In addition 
regression models have been used to formulate hypotheses that indicate which 
environmental factors are important in determining canopy condition of Tuart across 
the entire distribution. 
1.6 Thesis Structure 
Following this introductory chapter, the second chapter of this thesis introduces 
Tuart, its distribution and characteristics, and method of study site selection. The third 
chapter discusses the first objective (i), the canopy condition assessment of Tuart. 
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Starting with a review of local, national and international canopy decline events and 
methods of canopy assessment, the chapter follows through with methods, results and 
a discussion. The fourth chapter discusses the second objective (ii), environmental 
factors associated and correlated with Tuart canopy decline. The chapter starts with a 
broad comprehensive literature review of the many hypothesised causes of Tuart 
canopy decline. The rest of the chapter follows through with methods, results and a 
discussion. The final chapter of this thesis provides a synthesis and conclusion, 
together with some possible management implications. 
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CHAPTER TWO 
TUART AND STUDY SITE DESCRIPTIONS 
"I like trees because they seem more resigned to the way they have to live than other 
things do."  
Cather ( 1 9 1 3) 
2.1 Tuart 
2.1.1 Taxonomy 
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Tuart was first described by Swiss botanist Augustin Pyramus de Candolle in 
1828, who named the species after its club headed flower bud; gomphos Greek for 
club and kephale Greek for head (Ruthrof et al., 2002, Seddon, 1972). By its most 
recent taxonomy Tuart is placed in the large genus Eucalyptus L'Herit (Myrtaceae), 
subgenus Symphyomyrtus and section Bolites (Brooker, 2000; Brooker & Kleinig, 
1990; 1999). 
2.1.2 Genetics 
Genetic variation within the Tuart distribution is low, although Tuart has 
been found to hybridise with other species of its subgenus whose distributions 
overlap, including Eucalyptus decipiens (Redheart), Eucalyptus rudis (Flooded gum), 
Eucalyptus wandoo (Wandoo), and Eucalyptus cornuta (Yate) (Coates et al., 2002). 
There are also variations of Tuart not recognised in most literature, including Red 
Tuart (Eucalyptus gomphocephala var. rhodoxylon) recorded at Guilderton and now 
deemed extinct (Keighery et al. , 2002). In addition, a morphologically similar but 
taxonomically indifferent mallee form of Tuart is found in scattered northern 
localities (Coates et al., 2002). 
2.1.3 Morphology 
Tuart is described as a small to tall tree growing 25 to 40 m tall (Figure 2.1), 
with a smaller 10 to 15 m mallee form at the northern extent and inland locations 
(Beard, 1990; Boland et al. ,  1984; Coates et al. ,  2002) (Figure 2.2). The Tuart trunk 
tends to be short, frequently less than one third to half the height, with a diameter at 
breast height (DBH) between 1 to 2.3 m. This makes Tuart one of the largest tree 
species of the Swan Coastal Plain, compared to Eucalyptus marginata and Corymbia 
calophylla which grow much smaller (Powell & Keighery, 2002). The trunk and 
lower branch bark is rough, fibrous and pale to grey in colour (Brooker & Kleinig, 
1990). The branchlets are smooth and yellowish in colour (Brooker & Kleinig, 
1990). The crown when well developed is large, dense and spreading to 40 m in 
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diameter with grey-green foliage not matched by other Swan Coastal Plain eucalypts 
(Boland et al. , 1984; Powell & Keighery, 2002). 
Mature Tuart form discolourous to concolourous glossy green leaves 
measuring 9 to 16 by 1.6 to 2.5 cm and are petiolate, alternating, lanceolate or falcate 
with dense reticulation (Brooker & Kleinig, 1990) (Figure 2.3). Intermediate leaves 
are concolourous green, alternate, petiolate, broad-lanceolate and measure 12 to 20 
by 3 to 5 cm (Brooker & Kleinig, 1990). Juvenile leaves are discolourous green, 
alternate, petiolate, ovate or cordate and measure 9 to 15 by 5.5 to 9.5 cm (Brooker 
& Kleinig, 1990). Seedling's leaves are discolourous green, opposite for five to six 
pairs then alternate, petiolate or cordate and measure 6 to 9 by 4 to 7 cm (Boland et 
al. , 1984). 
Tuart inflorescences appear between January to April, and buds appear 
between the axils of leaves and measure 2 to 2.5 cm (Ruthrof, 2001). Buds are 
sessile, on short stout mushroom-shaped pedicels (Figure 2.3), hence the taxonomy 
Bolites (Brooker & Kleinig, 1990). Buds have a scar present, with a hemispherical 
operculum that is wider than the hypanthium, hence the taxonomy 'gomphocephala ' 
(club-headed) (Seddon, 1972). Flowers are creamy white, with oblong anthers and 
grow with three to seven flowers per umbel (Brooker & Kleinig, 1990; Ruthrof, 
2001). Tuart fruits are sessile, campanulate to cupular, winged; measure 1.3 to 2.2 by 
1.3 to 1.7 cm and have four celled ovaries (Brooker & Kleinig, 1990) (Figure 2.3). 
Tuart seeds are black; flat-saucer shaped, often flanged, measure 0.2 to 0.3 cm long 
and have a distinctive reticulum (Brooker & Kleinig, 1990; Ruthrof, 2001) (Figure 
2.3). 
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Figure 2. 1 -Tall Tuart in Ludlow National Park at the southern extent of the 
Tuart distribution (approximately 35 m tall). 
Figure 2.2 - Mallee Tuart north of Guilderton at the northern extent of the 
Tuart distribution (approximately 4 m tall). 
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Figure 2.3-Sketch of the morphological characteristics of Tuart. A= Buds (x 1 ), 
B = Fruits (x S), C = Leaf (x 1 )  and D = Seed (x 30) (Source, author). 
2.2 Tuart Distribution 
The naturaJ distribution of Tuart is restricted by geomorphology, climate and 
anthropogenic pressures to a narrow coastaJ strip. This strip runs generally 5 to 1 0  
km inland from Jurien Bay 85 km north of Perth, through the Perth metropolitan area 
and down to Busselton 200 km to the south of Perth (Fox & Curry, 1980; Powell, 
1 990; TRG, 2003) (Figure 2.4). Tuart shows a slight tendency to follow rivers 
occurring 20 km inland at Cowalla on the Moore River, 1 0  km inland on the Canning 
River, and 16 km on the Swan River (Fox & Curry, 1 980). Tuart has been planted 
throughout Australia and worldwide in semiarid areas, including Cyprus, California, 
Ethiopia, Greece, Israel, Italy, Libya, Morocco, Tunisia, Turkey, and Uruguay 
(Keighery et al. , 2002; NAS, 1980). 
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Figure 2.4 -Tuart distribution based on Hopkins et al (2001 ). The Hopkins et al 
(2001) map underestimates the Quindalup dune system Tuart (Keighery et al. , 
2002). 
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Two factors that play a pivotal role in the determination of the Tuart 
distribution are geomorphology and soil composition (Ruthrof et al. , 2002). Tuart is 
predominantly found on the coastal Spearwood dune system, and to a lesser extent 
on the younger Quindalup dune system (Beard, 1989; Boland et al. , 1984; Coates et 
al. , 2002; Gibson et al. , 2002; Keighery et al. , 2002; Ruthrof et al. , 2002; Semeniuk 
et al. , 1989) (Figure 2.5). 
The Spearwood dune system is composed of the soil units Karrakatta, 
Cottesloe (Herdsman) and Yoongarillup (Fox & Curry, 1980). South of Bunbury the 
Y oongarillup soil unit replaces the Cottesloe soil unit. Fox and Curry ( 1980), suggest 
this may be a critical factor in controlling the distribution of Tuart in the south. The 
Spearwood dune system is relatively young in geological age, 80,000 years old, 
compared to the Bassendean dune system formed 150,000 years ago (Everett, 1968 ; 
McArthur & Bettenay, 1974). The surface soils of the Spearwood dune system are 
sandy, free draining and high in calcium carbonate (Ruthrof et al. , 2002). Underlying 
the dune system are limestone layers, formed from leached calcium carbonate 
(Seddon, 1972). 
The Quindalup dune system is a foredune formed by falling sea levels 5000 
years ago (Everett, 1968 ; McArthur & Bettenay, 1974) (Figure 2.5). Composed of 
the Quindalup soil unit, the soils are sandy, calcareous and also high in lime (Gibson 
et al. , 1994a; Keighery et al. , 2002; Seddon, 1972). The dunes have calcareous, 
shallow, high salinity soils and a harsher climate, which probably limit the 
distribution of Tuart on the dunes. The inland range of Tuart is probably constrained 
by the higher relief and lack of limestone in the older Bassendean dunes (Semeniuk 
& Glassford, 1989). 
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Quindalup Dunes Spearwood Dunes Bassendean Dunes 
(Safety Bay Sand) (Tamala Limestone) (Bassendean sand) 
Pinjarra Dunes 
(Guildford formation) 
Ging In/Darling 
Scarp 
Figure 2.5 - Swan Coastal Plain geoeraUsed geological units, and quaternary 
sediments (in brackets). Tuart is predominantly distributed on the Quindalup 
and Spearwood dune system, as indicated by the distribution of trees in this 
diagram (TRG, 2002). 
2.2.2 Climate 
The climate of the Tuart distribution is Mediterranean, characterised by five 
to six months of hot dry summer and five to six months of wet to mild winter 
(Gibson et al. , 1994a). Rainfall ranges from 700 mm per annum in Jurien Bay to 
1 000 mm annum in Busselton (Gibson et al. , 1994a). Tuart is predominately found in 
areas where rainfall exceeds 750 mm per annum, although it can grow in areas of 
only 350 mm per annum (Turnbul l  & Pryor, 1984 ). The northern extent of Tuarl past 
Moore River, is constrained by low rainfall and unfavourable climatic conditions to 
swales and sheltered positions in the dune system (Fox & Curry, 1980). Tuart has 
adapted to survive in the lower rainfall of the north, growing in a mallee form 
(Keighery et al. , 2002). The reverse is also true; in the south where higher rainfalls 
occur, Tuart grows to its tallest form (Keighery et al. , 2002). 
Tuart is subjected to 20-30 knot diurnal salt laden winds across most of its 
distribution, mostly blowing south-westerly during evenings (Gibson et al. , 1994a; 
Powell & Emberson, 1981). These winds mainly occur during the summer period 
with no high pressure systems (Gibson et al. , 1994a). Tuart has adapted to cope with 
these salt laden winds, with a well rounded crown and extensive dense foliage 
(Powell & Emberson, 198 1 ;  Powell & Keighery, 2002). 
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South-west Western Australia is known as a major centre for endemism and 
biodiversity (Crisp et al. ,  2001; Hopper, 1979), for example the level of endemism is 
79.2 percent (Paczhowska & Chapman, 2000). Tuart woodlands are a unique feature 
of the south-west's Swan Coastal Plain (Keighery, 2002). Tuart forms a component 
of a number of different community types and is associated with a number of taxa of 
interest (Keighery et al., 2002). 
2.2.3.1 Community types 
Tuart has been associated with a number of different community types 
developed through extensive vegetation sampling and mapping (Table 2.1), 
including: six vegetation types (Beard, 1979a, b, c; 1981; 1989; 1995; Beard & 
Sprenger, 1984; Hopkins et al. , 2001; Hopkins et al. ,  1996; Seddon, 1972; Smith, 
1973; 1974; Speck, 1952); seven vegetation complexes (Heddle et al. ,  1980); and 13 
floristic communities (DEP, 1996; Gibson et al., 1994a). Vegetation types are based 
on dominant plant species, vegetation complexes are based on geological 
associations, and floristic communities on floristic composition (Keighery et al., 
2002) (Table 2.1). 
The ability of Tuart to grow in a wide selection of community types is 
thought to indicate a high tolerance to environmental factors (Gibson et al. ,  2002). 
The main differences in Tuart communities appears due to nutrient differences of the 
two main dune types that it occurs on, the Quindalup and Spearwood dunes (Gibson 
et al. , 2002). Upland and lowland communities of Tuart, with differing stand 
densities form a major floristic change within these dune type communities, along 
with climatic forces (Gibson et al. ,  2002). 
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Table 2.1 -Summary of main vegetation classification systems that have 
mapped Tuart, adapted from Keighery et al (2002). 
Units 
Types 
Complex 
Types/Complex/Community 
Tall woodland Tuart 
Medium woodland; Tuart 
Medium open woodland Tuart 
Medium woodland; Tuart and Eucalyptus marginata 
Mosaic: medium open woodland; Tuart/low woodland and Banksia species. 
Medium open woodland; Tuart and Corymbia calophylla 
Karrakatta complex - north (open forest) 
Karrakatta complex - central and south (open forest; Eucalyptus marginata & Corymbia 
calophylla) 
Cottesloe complex - central and south (open forest woodland; Eucalyptus marginata & 
Corymbia calophylla) 
Caladenia complex (open forest; Eucalyptus marginata & Corymbia calophylla ) 
Cannington complex (open forest; Eucalyptus marginata & Corymbia calophylla) 
Yoongarillup complex (tall woodland, open forest; Eucalyptus marginata & Corymbia 
calophylla) 
Vasse complex (open forest woodland; Eucalyptus marginata & Corymbia calophylla) 
Floristic Supergroup 2 - seasonal wetlands 
community Highly saline seasonal wetlands 
Melaleuca rhaphiophylla - Gahnia trifida seasonal wetlands 
19b Woodland over sedgelands in Holocene dune swales 
Supergroup 3 - uplands centred on Bassendean dunes 
21a Central Banksia attenuata - Eucalyptus marginata woodlands 
Supergroup 4 - Uplands centred on Spearwood and Quindalup Dunes 
Northern Spearwood shrublands and woodlands 
Southern Tuart - Agonis jlexuosa woodlands 
26b Woodlands and mallees on limestone 
Spearwood Banksia attenuata or Banksia attenuata - Eucalyptus woodlands 
Supergroup 5 - Quindalup Dunes 
29a Coastal shrublands and shallow sands 
30b Quindalup Tuart and/or Agonis flexuosa woodlands. 
30c2 Woodlands and shrublands on Holocene dunes 
S 1 1  Northern Acacia rostellifera - Melaleuca ace rose shrub lands 
Weed group - no supergroup 
S 15 Weed group. 
2.2.3.2 Flora of interest 
The most comprehensive floristic study of Tuart communities to date 
suggests Tuart is associated with 414 native vascular plants and 161 environmental 
weeds (Keighery, 2002). Commonly associated flora with Tuart includes Agonis 
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flexuosa, Casuarina fraserana (Sheoak), E. marginata, C. calophylla, E. cornuta, 
and E. rudis, as well as several Banksia species, such as B. littoralis (Swamp 
banksia), B. attenuata (Slender banksia), B. grandis (Bull banksia), and B. menziesii 
(Firewood banksia) (Boland et al. ,  1984; Fox et al., 1980; Keighery, 2002). 
There are also a number of rare species, endemic, geographically significant 
and other flora of interest associated with Tuart (Keighery, 2002). This includes five 
rare taxa under consideration for being listed as Declared Rare Flora (priority taxa), 
Conostylis pauciflora subsp pauciflora, Haloragis aculeolata, Jacksonia sparsa ms, 
Lasiopetalum membranaceum and Sarcozana bicarinata (Keighery, 2002). Two taxa 
endemic to Tuart: L. membranaceum and Rorippa species (Keighery, 2002). Three 
taxa considered geographically significant (on their distribution limits within Tuart), 
A. flexuosa (priority taxa), Stenopetalum robustum and Veronica species (priority 
taxa) (Keighery, 2002). In addition to four priority taxa associated with, but not 
restricted to Tuart communities, Lepidium pseudohyssopifolium, Cartonema 
philydroides, Callitris preissii and Acacia alata var. tetrantha (Keighery, 2002). 
These are all threatened by canopy decline, because of the keystone status of Tuart as 
discussed in Chapter 1 (section 1.2.2). 
2.2.3.3 Fauna of interest 
There is surprisingly little known about the fauna of Tuart communities, 
compared to other Swan Coastal Plain communities (Dell et al. ,  2002; TRG, 2002). 
Despite this, Tuart communities are thought to have high vertebrate and invertebrate 
fauna diversity (Jasinska & Tholen, 2003 ; TRG, 2002). 
The most comprehensive report of vertebrate fauna found 92 avifauna, 35 
mammal, 43 reptiles and seven frogs associated with Tuart (Dell et al. ,  2002). Fauna 
species of particular interest in Tuart communities include: Pseudocheirus 
occidentalis (Western Ringtail possum) a vulnerable species restricted to coastal 
Tuart and Peppermint forests from Eaton to Waychinicup (Dell et al., 2002; Maxwell 
et al. ,  1996); and Falsistrellus mackenziei (Western False Pipistrelle) also found in 
Tuart forests and at risk (Duncan et al. , 1999). Endangered avian species found in 
Tuart communities include, Calyptorhynchus latirostris (Camaby's Black-cockatoos) 
and Grey Currawongs (Strepera versicolor) (Hilton-Taylor, 2000; Recher & 
Serventy, 1991). 
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Other species of interest which are reliant on Tuart include the endemic roof 
mat communities in caves at Yanchep National Park. Yanchep National Park has the 
greatest number of fauna species recorded in an aquatic cave anywhere in the world, 
including crustaceans, aquatic insects, mites, leeches and other invertebrates 
(Jasinska & Tholen, 2003). Most important is the cavemicoles Gondwana relicts only 
known from the Yanchep caves (Jasinska & Tholen, 2003). These endemic and rare 
species feed on Tuart root mats, therefore any canopy decline causing Tuart death 
could result in their extinction. 
2.3 Study Sites Description 
There were a number of steps in the process of study sites selection, i) 
Identification of areas with Tuart, ii) Selection of study sites, and iii) Truthing study 
site selection. At each stage careful consideration was made based on criteria 
outlined in the following section. 
2.3.1 Site Selection 
Identification of Tuart was achieved using a map of Tuart occurrence 
produced by the Department of Conservation and Land Management (DCLM) 
Information Branch (McNamara, 2002b). The map was based on Hopkins et al 
(2001) and Beard (1979a, b, c) and was the most up-to-date Tuart distribution map 
available at commencement. The map had known inaccuracies, lacking detail with a 
1 :250,000 scale and misrepresentation of some Tuart Quindalup communities. 
_, 
Therefore, some error correction was required in the selection process, since not all 
selected areas had Tuart. 
Using the Tuart distribution map a grid matrix was drawn up and 46 study 
sites were selected using coordinates generated by using a calculator's random 
number function. It was decided that 46 study sites would be chosen because similar 
studies have successfully encompassed the Tuart distribution from a similar number 
of study sites, for example: 64 sites were used by Gibson et al (2002) in their study 
of floristic composition; Fox and Curry (1980) selected 20 sites to examine at Tuart 
health in the Perth metropolitan area; and Chilcott (1994) used 30 sites to study at 
Tuart decline across the distribution although focusing on the K winana region. The 
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limited time available for the study also constrained the number of sites investigated, 
to a practical amount. 
Once study sites were chosen, aerial imagery and site visits were used to 
determine if Tuart met a number of requirements before study site plots could be 
setup, including: i) Be predominately Tuart forest or woodland (>30 percent canopy 
cover); ii) Have representative canopy condition and stand properties of the area, iii) 
Have representative understorey composition of the area; and iv) Be accessible 
legally, safely and physically. Where this criterion was not met, study sites were 
located in the nearest suitable Tuart area. 
Tuart in the northern extent of the distribution were not assessed (north of 
Guilderton), due to genetic variation in the species, the mallee growth form and low 
stand density, which made measures difficult (Coates et al., 2002). Gaining access to 
sites was also an influential factor, most sites were situated in land vested to 
government bodies, because access to private land was difficult to achieve in the 
time available. Sites were mostly in native vegetation patches, although a number of 
sites with modified understoreys were included for completeness of sampling all 
understorey types. 
2.3.2 Selected Sites 
Due to the random selection process study sites covered all the major 
different environmental variation and Tuart community types across the entire 
distribution. Sites captured the different dune types, soil types, topography, 
understorey types, pollution conditions, hydrology, fire regimes, management types, 
and landuse histories of the Tuart distribution. Table 2.2 outlines some key 
characteristics of the study sites and Figure 2.6 provides an overview of the location 
of all 46 study sites and geographic regions (1 to 4). The four geographic regions 
used in the study were based on broad climatic and vegetative (latitudinal) gradients 
that exist across the Tuart distribution (for example, rainfall and A. Flexuosa 
abundance). Their design allowed comparisons between canopy condition and 
environmental factors to be made, across the Tuart distribution. Study sites are used 
in both the Tuart canopy condition assessment (Chapter 3) and environmental factors 
investigation (Chapter 4). 
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C o d e  N • m e/Loc•llon R e si lo n  
Seabird U C L  G ing in 
Moore R iver Ging in 
Yanchep North Y anchep 
Yanchep South Yanchep 
Yanchep grazed field Y a nchep 
N e e rabup N o rth W anneroo 
Neerabup Middle W anneroo 
Neerabup South W anneroo 
Lake Joondalup Joondalup 
1 0  Yellagonga Reservo Joondalup 
" Craigie Open Reserve Joondalup  
12  Recreation grounds P e rth 
1 3  Trigg Bushland R eserve Perth 
1 4  Bold P ark Perth 
1 5  Kings P a rk Perth 
1 6  Clon larl H ill Frem antle 
1 7  W oodm an Point Rockingham 
1 8  Cooloongup S w a m p  Rockingham 
1 9  W alygurup Swamp Rockingham 
20 Anstey Swam p (north) R ockingham 
21 Anstey Swam p ( M iddle) M andurah 
22 M a ndurah Road R e serve M a ndurah 
23 Anstey swamp (south) M andurah 
24 Tuart P ark M andura h  
25 Meadow Springs Goll  Course M andurah 
26 Caddadup Reserve M andurah 
27 W hite H i l l  Lane Y algorup 
28 Mt John Road Yalgorup 
29 Newham R o ad Yalgorup 
30 Preston Beach Road (west) Yalgorup 
3 1  Car  park (Preston Beach R d )  Preston Beach 
32 Peppermint G rove Rd.  Yalgorup 
33 Preston B e ach Road (easl)  Y a lgorup 
34 Yalgorup South (Long Ad)  Yalgorup 
35 Bagieau Rd.  Ya lgorup 
36 Cram pton Reserve edge Ya lgorup 
37 M yalup Road M yalup 
38 Leschenault pen insular North Bunbury 
39 Leschenault pen insular M iddle Bunbury 
40 Leschenault p e n insular South Bunbury 
41 Shearwater Tuart Forest Bunbury 
42 Ludlow north (M angles Rd)  Ludlow 
43 Ludlow m id die (Ludlow Ad) Ludlow 
44 Ludlow pristine (Higgins A d )  Ludlow 
45 Ludlow plantation (Ludlow P k  Ad)  Ludlow 
46 Ludlow south (Layland Ad) Ludlow 
L o n g itude Latitude Vested Authority 
1 1 5.4769 ·31 .3056 U nm anaged reserve 
1 1 5.5438 -31 .3530 Unm anaged reserve 
1 1 5.6736 ·3 1 .5 1 67 N ational Park 
1 1 5.6883 -3 1 .5 7 1 4  N ational Park 
1 1 5.6833 -31 .5806 G razed land (N.P . )  
1 1 5. 7 1 55 -3 1 .6227 N ational Park 
1 1 5.7533 ·3 1 .6870 N ational Park 
1 1 5.741 2 -31 .7040 Reserve 
1 1 5.7775 -3 1 .  7506 C ity park 
1 1  5.  7975 -3 1 .  7828 C ity p a rk 
1 1 5.7797 -31 .7947 C ity park 
1 1 5.8281 -3 1 .8 1 83 c ity park 
1 1 5.7587 - 3 1 . 8 8 1 8  C ity park 
1 1 5.7647 -31 .9460 C ity p a rk 
1 1 5.82 1 7  ·3 1 .9 7 1 1 City park 
1 1 5.7648 ·32.0768 U n m a n aged reserve 
1 1 5.7600 -32 . 1 327 R eserve 
1 1 5.7944 -32.3 1 1 7  R eserve 
1 1 5.7878 -32.3422 R eserve 
I 1 5.78 1 1 -32.3956 Farm land (now reserve) 
1 1 5.7831 -32.4 1 2 8  N ational P a rk 
1 1 5.7700 ·32.4206 Unm anaged reserve 
1 1 5.7786 ·32.4342 N ational Park 
1 1 5.7478 ·32.4883 C ity park 
1 1 5.7547 -32.4961 G o ll course reserve 
1 1 5.6403 -32.6 1 3 1  A eserve 
1 1  5.6400 -32.6888 N ational Park 
1 1 5.6558 -32.7443 Buller s trip o r  N .P  ./Agric 
1 1 5.6905 -32.8332 N ational Park 
1 1  5.6693 -32.8608 National Park 
1 1 5.6930 -32.89 1 2  N ational Park 
1 1 5.7 1 52 ·32.8987 State Forest 
1 1 5. 7 1 80 -32 .91 93 National Park 
1 1 5.6968 -32.9 3 1 5  N ational Park 
1 1 5.7273 -32.9663 State Forest 
1 1 5.7460 ·33.0247 State Forest 
1 1 5.6944 -33.0972 N ational Park 
1 1 5.69 1 9  -33 . 1 983 National Park 
1 1  5.6922 -33.2 1 3 1  National Park 
1 1 5.6958 ·33.2358 National Park 
1 1 5.6238 -33.3822 C ity park 
1 1 5.5589 -33.4 769 N ational Park 
1 1 5. 5 2 1 4  -33.5394 N ational P ark 
1 1 5.51 33 ·33.5608 N ational Park 
1 1 5.4692 ·33.6028 National Park 
1 1 5.4297 -33.6331 N ational Park 
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C o m m u n ity type (Hopkins)  Dune 
M osaic: med open woodland Tuart/B anksia Ouindalup 
Mosaic: med open woodland Tuart/Banksia Moore River terrace 
M edium woodland Tuart Spearwood 
M edium woodland Tuart Spearwood 
M edium woodland Tua rt Spearwood 
M edium woodland Tuart Spearwood 
M e d ium woodland Tuart Spearwood 
M edium woodland Tu art Spearwood 
M edium woodland Tuart Spearwood 
Medium woodland Tuart and Jarrah Spearwood 
M edium woodland Tuart and Jarrah Spearwood 
M edium woodland Tuart and Jarrah Spearwood 
M e d ium woodland Tuart Qu indalup 
M edium woodland Tuart Quindalup 
M edium woodland Tuart and Jarrah Spearwood 
M adium woodland Tuart Spearwood 
M edium woodland Tu art Quindalup 
M edium woodland Tuart Spearwood 
M edium woodland Tuart Spearwood 
Medium woodland Tuart Spearwood 
M edium woodland Tu art Spearwood 
Medium woodland Tuart Spearwood 
M edium woodland Tuart Spea rwood 
M edium woodland Tuart Quindalup 
M edium woodland Tu art Spearwood 
M e d ium woodland Tuart and Jarrah Spearwood 
M edium woodland Tuart and Jarrah Spearwood 
M edium woodland Tuart Bassendean 
M edium woodland Tu art Spearwood 
M edium woodland Tuart Spearwood 
M edium woodland Tuart Spearwood 
M edium woodland Tu art Spearwood 
M edium woodland Tuart Spearwood 
M edium woodland Tuart Spearwood 
M edium woodland Tuart Spearwood 
M edium woodland Tuart and Jarrah Spearwood 
M edium woodland Tuart Bassendean 
M edium woodland Tuart Bassendean 
M edium woodland Tuart Quindalup 
M edium woodland Tuart Quindalup 
M edium woodland Tuart and Jarrah Spearwood 
M e d ium woodland Tuart and Jarrah Spearwood 
Tall woodland: Tuart Spearwood 
Tall  woodland: Tuart Spearwood 
Tall woodland: Tuart Spearwood 
Tall woodland: Tuart Spearwood 
2 
2 
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Figure 2.6 -Study sites are marked by triangles and small numbered labels, see 
also Table 2.2. Geographic regions are shown by the dotted lines and large 
numbered labels. 
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CHAPTER THREE 
TUART CANOPY CONDITION ASSESSl.\ffiNT 
"Every creature is better alive than dead, men and moose and pine trees, and he who 
understands it aright will rather preserve its life than destroy it. " 
Thoreau ( 1 984) 
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3.1 Introduction 
Widespread reports of Tuart canopy decline across its distribution have become 
a major concern for the conservation of the species and its associated community 
(TRG, 2002; 2003). This impact is likely to be exacerbated by low recruitment, the 
relatively restricted geographic distribution and continued clearing of Tuart woodland. 
Despite this, there has been no attempt to identify the broad spatial patterns of Tuart 
canopy condition types across its entire distribution. This is recognised as the first 
process in diagnosis of the causes of canopy decline, as well as providing 
quantification and identification of canopy decline (Longman & Keighery, 2002; 
Podger, 1980a). Therefore this chapter is concerned with the following objectives: 
i. Selecting and applying appropriate canopy condition measures; 
ii. Characterising and categorising canopy condition; 
iii. Identifying spatial patterns in canopy condition across the entire Tuart 
distribution. 
3.1.1 Geographic Survey of Canopy Decline 
Prior to discussing Tuart canopy decline it is important to consider the wider 
context of canopy decline across Australia and internationally. This is because Tuart is 
not alone in its canopy decline, and is part of a global conservation problem (Heatwole 
& Lowman, 1986; Underwood, 2002). 
3.1.1.1 Global canopy decline 
Canopy decline is a global conservation problem (Heatwole & Lowman, 1986) 
observed in the boreal forests in the northern hemisphere (Aamlida et al. , 2000; Brandt 
et al. , 2003; Bytnerowicz et al. , 2003; Dittmar et al. ,  2003; Juknysa et al. ,  2003; 
Kandler & Innes, 1995; Modrzynski, 2003; Stribley & Ashmore, 2002; Vries et al. , 
2003), tropical forests of equatorial regions (Anonymous, 1975b; Chiwa et al. , 2003), 
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and dry sclerophyll forest of the southern hemisphere (Heatwole & Lowman, 1986; 
Jurkis & Turner, 2002; Old et al. , 1980; Reid & Landsberg, 1999). 
In Europe, episodes of canopy decline have been increasingly reported since 
the middle of last century (Juknysa et al. ,  2003; Kandler & Innes, 1995). During the 
1980s reports of widespread and severe canopy decline were made throughout Europe 
(Aamlida et al., 2000; Brandt et al., 2003; Juknysa et al., 2003; Modrzynski, 2003; 
Vancura et al., 2000). Such was the severity of canopy decline in central Europe that it 
gained the name Waldsterben (forest deaths) referring to its progressive nature 
(Kandler & Innes, 1995). In 1999 the proportion of European forests with 'strong' 
canopy decline (>25 percent canopy defoliation) was 55 percent in Poland, 51 percent 
in the Ukraine, 48 percent in the Czech Republic, 32 percent in Slovakia and 21 
percent in Germany (Modrzynski, 2003). 
F agus sylvatica (Common beech) is one of the most canopy decline affected 
tree species in Europe for example, 66 percent of F. sylvatica exhibited signs of 
damage in 1990 (Dittmar et al., 2003; Kandler & Innes, 1995; Power & Ashmore, 
1 996; Stribley & Ashmore, 2002). Other species suffering major canopy decline in 
Europe include Picea abies (Norway spruce) and Pinus sylvestris (Scots Pine) 
(Aamlida et al. ,  2000; Alexeyev, 1995 ; Cape & Percy, 1998; Juknysa et al., 2003; 
Modrzynski, 2003). The economic cost of canopy decline in Europe has been 
immense, for example in Germany alone the annual economic cost is AU $4.6 billion 
(based on official fixed interest rates and Euro exchange rate 08/10/03) (Heatwole & 
Lowman, 1986; Kandler & Innes, 1995). Pollution, herbivory and pathogen attack is 
the main cause of European canopy decline (Heatwole & Lowman, 1986). 
North America too has seen a number of canopy decline events, of which many 
seem to be escalating (Rogers, 2002). Estimations are that 20 million hectares of 
forests in the United States are affected by canopy decline (Ayres & Lombardero, 
2000). Some of the species affected by canopy decline in North America include: 
Populus tremuloides (Trembling Aspen) in Canada (Brandt et al. , 2003; Rogers, 
2002); Acer Saccharum (Sugar Maple) in Pennsylvania (Drohan et al., 2002; Horsley 
et al. , 2000; W atmough et al. ,  1999); Tsuga canadensis (Eastern hemlock) in 
Connecticut (Heatwole & Lowman, 1986); Castanea dentata (American chestnut) 
across much of North America (Bhiry & Filion, 1996); as well as Fagus grandifolia 
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(American beech), Abies balsamifera (Balsam fir), and Picea species (Spruce) across 
North America (Krasny & DiGregorio, 2001). 
One of the most recent North American and globally spreading canopy decline 
is that of Quercus species (Oak) (Q. agrifolia, Q. kelloggii, and Q. parvula var. 
shreve), called 'Sudden Oak Death' (Anonymous, 2003; Coghlan, 2003; Kelly & 
Tuxen, 2003; McKee, 2003; Stokes, 2001). Like their European counter parts, North 
America canopy decline events have come with an immense economic cost, estimated 
at AU $1.41 billion/year (based on exchange rates 08/10/03) (Ayres & Lombardero, 
2000). The main causes suggested include fire, anthropogenic disturbances, herbivory 
and pathogen attack (Allen, 2001; Heatwole & Lowman, 1986). 
Other prominent global canopy decline events include that of Pinus densiflora 
(Japanese red pine) forests in Japan, which since the 1940s has affected some 57,000 
hectares (Chiwa et al. ,  2003). In Africa canopy decline has affected a number of 
species, for example Colophospermum mopane (Turpentine tree) (MacGregor & 
O'Connor, 2002) and Acacia xanthophloea (Fever tree) (Western & van Praet, 1973; 
Young & Lindsay, 1988). Other canopy decline events have been reported throughout 
the world, but these have largely been poorly documented and/or not distinguished 
between clearing and losses as a result of canopy decline (Anonymous, 1994; 
McMorrow & Abdul Talipb, 2001). 
3.1.1.2 Australian canopy decline 
Australian canopy decline events have been reported across the continent, 
threatening numerous tree species from agricultural land to intact forest ecosystems 
(Heatwole & Lowman, 1986; Jurkis & Turner, 2002; Old et al. , 1980; Reid & 
Landsberg, 1999). Australian canopy decline events are considered of enormous 
magnitude and coverage; to exhibit temporal fluctuations in intensity (generally 
increasing); and to be caused by regional specific environmental conditions (Heatwole 
& Lowman, 1986). Numerous causes of canopy decline have been hypothesised 
including: pathogen attack, herbivory, climate change, hydrological change, soil 
condition change, altered fire regimes and anthropogenic activities, which will be 
comprehensively discussed in Chapter 4 (Heatwole & Lowman, 1986; Jurkis & 
Turner, 2002; Old et al., 1980; Reid & Landsberg, 1999). 
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Notable canopy decline events in Australia include that of Eucalyptus saligna 
(Sydney blue gum) called 'Bellbird dieback' .  First appearing in the coastal forests of 
NSW during the 1950's, the canopy decline of E. saligna has spread to other coastal 
forests and tree species (Jurkis & Turner, 2002). Another major decline is that of 
Eucalyptus delegatensis (Alpine ash) called 'Regrowth or High-altitude dieback' .  E. 
dele gatensis canopy decline has been reported over much of the Tasmania (Ellis, 1980; 
Ellis & Pennington, 1992; Jurkis & Turner, 2002; Podger, 1980b; Podger et al. ,  1980). 
However, perhaps the greatest canopy decline is that affecting numerous tree species 
across 6.6 million hectares of temperate zone agricultural land, called 'Rural dieback' 
(Heatwole & Lowman, 1986; Landsberg & Cork, 1997; Lowman et al. , 1987). 
Other Australian tree species reported to have experienced canopy decline 
include: Eucalyptus ovata (Swamp gum) forests in coastal Victoria (Martin, 1985a, b); 
Allocasuarina littoralis (Sheoak species) forests in Sydney's Bushland reserves (Smith 
& Smith, 1990); and Eucalyptus paucijlora (Snow gum) forests in NSW and Victoria 
(Raison et al. ,  1993). The list of species affected by canopy decline in Australia is 
always increasing, with new species continuously being reported to be affected. For 
example Heatwole and Lowman (1986) list 104 taxa of mostly eucalypts (including 
Tuart) to have been observed to exhibit canopy decline. Despite this, little is known of 
the temporal and spatial dynamics of canopy decline events, or the underlying causes 
(Heatwole & Lowman, 1986). 
In Western Australia canopy decline events have occurred across the state 
(Kimber, 1980). The most notable Eucalyptus marginata canopy decline caused by the 
pathogen Phytophthora cinnamomi that has affected 255,000 hectares of forests 
(Florence, 1996; Shearer, 1994 ). Other species reported to have exhibited canopy 
decline in Western Australia include Corymbia calophylla, Eucalyptus rudis, Agonis 
flexuosa, Eucalyptus comuta, Eucalyptus wandoo, Eucalyptus accedens (Powder bark) 
and Eucalyptus astringens (Brown mallet), as well as a number of Banksia species 
(Curry, 1980; Gibson, 2001; Groom et al. , 2001; Kimber, 1980; Underwood, 2002). 
The cultural cost of canopy decline in Australia has been considerable (Reid & 
Landsberg, 1999). Some of the economic cost results from reduced aesthetics, 
restrictions on recreation and loss of agro-forestry products (Crombie & Bunny, 1994; 
Young, 1994). E. marginata canopy decline for example, has caused great economic 
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cost to the: wildflower (AU $17 million in 1992/93); bee keeping (AU $2.25 million in 
1993/92); tourism (AU $280-560 million); mining and forest industries (Colquhoun & 
Petersen, 1994; Crombie & Bunny, 1994; Wills & Robinson, 1994). However, the 
greatest cost of canopy decline is to biodiversity, for example, one newly discovered 
species of the 9000 associated with E. marginata forests led development of a 
chemical worth AU $1.7 million (Wills & Robinson, 1994). Canopy decline also 
threatens agricultural land, through the reduction in direct benefits trees provide, 
including loss of produce (farm timber, oils, honey, flowers, foliage and seed) and 
protection (shade and shelter for crops and stock) (Reid & Landsberg, 1999). In 
Australia the economic benefit of trees is estimated at AU $20 billion (based on 
replacement cost), and trees can increase real estate value by 20 percent (Reid & 
Landsberg, 1999). 
The ecological impact of canopy decline is also immense, including reduced 
biodiversity, increased bare ground, increased resistant species, loss of remnant trees, 
as well as reduction in fauna, biodiversity and abundance (Ford, 1980; Ford & Bell, 
1981; Loyn & Middleton, 1980; Recher, 1997; Reid & Landsberg, 1999; Wilson et al. , 
1994). There are also problems associated with catchment health, as trees reduce soil 
acidification, regulate matter and energy fluxes into water courses, reduce dryland 
salinity, evaporation and erosion (wind speeds) (Reid & Landsberg, 1999). The 
ecological affect may be greater where pathogens are the cause of canopy decline, for 
example E. marginata canopy decline threatens 38 percent of 460 plant taxa of which 
233 are endangered (Wills & Keighery, 1994). 
In some circumstances canopy decline may initiate or contribute to important 
ecological events, such as succession, species distributions, forest structure and 
composition (Florence, 1996; Mueller-Dobois, 1980). Canopy decline is therefore only 
a problem in dysfunctional stands where canopy decline causes tree mortality, and 
those trees in decline are not being replaced (Podger, 1980a). 
In summary canopy decline threatens numerous tree species across the globe 
and throughout Australia. Canopy decline represents a major global conservation 
challenge for scientists, graziers, farmers, economists, foresters, land managers, 
politicians and tax payers (Heatwole & Lowman, 1986). Tuart canopy decline is not 
alone, and is part of this wider global conservation problem (Underwood, 2002). 
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Tuart canopy decline has been observed across the entire Tuart distribution 
since the beginning of last century (Longman & Keighery, 2002). This canopy decline 
has been reported on varying temporal and spatial scales, but generally appears to be 
increasing (Longman & Keighery, 2002; TRG, 2002). 
The first reports of Tuart canopy decline originate from localised canopy 
decline reported in Kings Park (City of Perth) during the 1920s and 1930s (Beard, 
1967). At the same time, reports of insect outbreaks were made in Ludlow State forest 
(Lane-Poole cited in Ward, 2000b). The latter was possibly an indication of the start of 
widespread canopy decline observed in the Ludlow region in the 1960s (Longman & 
Keighery, 2002). Further canopy decline was also observed during the 1960s, reported 
in mostly large Tuart and saplings across the metropolitan area, specifically in Kings 
Park (Beard, 1967; Main & Serventy, 1957). The canopy decline was characterised as 
similar to other eucalypt canopy decline of the time, described as the progressive 
recession of canopy foliage, leaving epicormic foliage on lower limbs and stag-headed 
trees (Beard, 1967). Interestingly, during the same period canopy decline was also 
reported in Mediterranean Tuart plantations (Karschon, 1963). 
The continued canopy decline of remnant Tuart in the metropolitan area in 
similar form to that described by Beard (1967), has dominated Tuart canopy decline 
literature (Baird, 1977; Bell et al., 1992; Fox, 1981; Fox & Curry, 1980; Ruthrof, 
2001). Tuart canopy decline was reported in the western suburbs of Perth and Kings 
Park during the 1970s (Baird, 1977; Longman & Keighery, 2002). Later in 1980 it was 
reported that remnant Tuart in the metropolitan area, and in particularly larger trees, 
were under threat from localised extinctions through canopy decline and unexplained 
death (Fox, 198 1; Fox & Curry, 1980; Fox & Majer, 1980; WAIT, 1981). At the same 
time Powell and Emberson ( 198 1 )  reported unexplained deaths and poor canopy 
condition of Tuart across much of Perth's Quindalup dunes. Further Tuart canopy 
decline was also reported during the late 1980s and 1990s, at Star Swamp (northern 
suburbs of Perth) (Piggot, 1994; Piggot & Loneragan, 1995), at Kings Park (Bell et al., 
1992) and around the Kwinana industrial region (Chilcott, 1992; 1994; Fox & Dunlop, 
1984; Meney, 1986; Meney & Fox, 1986). Reports of canopy decline in Kings Park 
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continue to appear in literature, although most of these studies are restricted to 
observations (Radho-Toly et al. , 2001; Ruthrof, 2001; Yates, 1998). 
Relatively recently, reports of Tuart canopy decline in Yanchep National Park 
(-50 km north of Perth) and Yalgorup National Park (-80 km south of Perth) have 
been made (Jasinska & Tholen, 2003; Longman & Keighery, 2002). The more 
worrisome canopy decline in Yalgorup National Park was first reported in 1994, and 
was originally not of much concern being considered localised and of small-scale 
(Hunter, 2000). However, by 1997 the DCLM begun to take notice of what appeared 
to be the spread of the canopy decline on private and State land (Burbidge, 1999; 
Longman & Keighery, 2002). In 1999, it was reported that 1,800 hectares of the 3,184 
hectares of Tuart in Yalgorup National Park were affected by canopy decline 
(Mitchell, 2002). Over successive years the canopy decline appears to have spread 
covering an even greater area (DCLM, 2002; Mitchell, 2002; TRG, 2002). This spread 
has been somewhat seasonal (Longman & Keighery, 2002), which may reflect growth 
characteristics of Tuart, with epicormic growth matching the availability of water 
(Karschon, 1964 ). Many other Australian decline events are thought to be seasonal 
(Carne et al. , 1980). 
This, coupled with the widespread literature on canopy decline across the rest 
of the Tuart distribution in the past has led to the consensus that the entire Tuart 
distribution is under some degree of canopy decline (Powell, 2003. Pers. Comm.). 
Indeed, as a result of this consensus the Tuart Response Group (TRG) has formed, a 
coalition of public and state environment groups, that is developing a management 
plan aimed at conserving Tuart (DCLM, 2002; TRG, 2002). 
In summary, Tuart canopy decline has been reported on different temporal and 
spatial scales across the entire distribution since the beginning of last century. Despite 
this, no study has attempted to investigate canopy condition of Tuart across its entire 
distribution. Pervious studies have been restricted to localised assessments and general 
observations. Therefore there is a need to characterise and categorise canopy condition 
across the entire distribution, and investigate spatial patterns of canopy condition. 
Characterising and categorising canopy condition is the primary step in diagnosis of 
canopy condition, because it allows the determination of different types of canopy 
decline, which may be associated with different causes/stages of decline (Podger, 
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1980a). Identification of spatial patterns in canopy condition is the second phase of 
diagnosis of canopy decline, because it allows the determination of contagiousness of 
the syndrome, identification of association with environmental factors, quantification 
of the threat and identification of risk areas (Podger, l 980a) 
3.1.3 Determining Canopy Condition 
This study has concentrated on measurements of canopy condition as an 
indicator of tree decline, this is because canopy decline is the most prevalent, severe 
and recent form of Tuart decline (DCLM, 2002; Longman & Keighery, 2002; TRG, 
2002). Furthermore, measurement of canopy condition provides an indication of tree 
mortality and vitality, that is, the ability of trees to assimilate change, survive stress, 
react to conditions and reproduce (Dobbertin & Brang, 2001; UN ECE, 1998a, b). This 
is because as primary producers, tree canopies capture energy from the sun and convert 
it to sugars, a process required for their biological functioning (Chiras, 1991; Raven et 
al., 1992). This process, photosynthesis, is one of the most important reactions in the 
biosphere providing energy for nearly all life on earth (Raven et al. ,  1992). One 
therefore makes the assumption with the use of canopy condition measures that a tree 
with no foliage (poor canopy) is considered of poor health compared to one with dense 
foliage (good canopy). This may not always be true, for example a tree with almost no 
foliage may survive many years, whereas a tree with dense foliage might die suddenly 
(Dobbertin & Brang, 2001). 
Despite this, measurement of canopy condition offers a simple, effective and 
economical method to determine tree vitality (UN ECE, 1998a, b). Measures of 
canopy condition have therefore been used as indicators of tree vitality in numerous 
studies (Aamlida et al. ,  2000; Bussotti et al. ,  2003; Dobbertin & Brang, 2001; Durrant 
& Boswell, 2002; Gibson, 2001; UN ECE, 1998a, b). Traditionally methods of 
measuring canopy condition have been field based, involving simple and effective 
methods of assessment (Dobbertin & Brang, 2001; Stone et al. ,  2001; UN ECE, 1998a, 
b ). A number of methods are available such as measures of canopy completeness, 
canopy size reduction, and canopy condition indices (Landsberg, 1989; Stone et al., 
2001; UN ECE, 1998a, b). 
- 37 -
Environmental Correlates and Tuart Decline 
Chapter 3. 
Measurement of canopy completeness (synonymous with transparency or 
defoliation) has been widely used as a measure of the canopy condition and indicator 
of tree vitality and mortality in many studies (Aamlida et al. , 2000; Bussotti et al. , 
2003; Clarke et al. , 1980; Dobbertin & Brang, 2001; Durrant & Boswell, 2002; 
Gibson, 2001; UN ECE, 1998a, b). Canopy completeness of Tuart and other species 
has been determined using a number of methods, such as image (ground level photos), 
remote sensing (aerial photos) and leaf area index (LAI) analysis (Bussotti et al. , 2003; 
Loch & Floyd, 2001; Mizoue & Masutani, 2003; Davis, 1994; Piggot, 1994; Stone et 
al. , 2001; TRG, 2002). Unfortunately these methods require specialised equipment and 
are relatively expensive. Therefore one of the most popular methods to determine 
canopy condition is visual estimation (Dobbertin & Brang, 2001; Durrant & Boswell, 
2002; UN ECE, 1998a, b ). This is because visual assessment is relatively efficient, 
flexible, economical and similar in accuracy compared to other methods (Durrant & 
Boswell, 2002; Landsberg, 1989; UN ECE, 1998a, b). 
Canopy condition indices are another method widely used by foresters to 
determine canopy condition (Dobbertin & Brang, 2001; Landsberg, 1985; 1989; 
McDonald et al., 2003). Canopy condition indices usually determine tree 
categorisation for silvicultural purposes, such as determination of poor trees to remove 
to improve timber yield of other trees (Florence & Crocker, 1962; Grimes, 1987). The 
first attempt to classify Tuart canopy condition using a scoring index was by Beard 
(1967) and has since been adapted and used in a number of studies (Fox & Curry, 
1980; Fox & Dunlop, 1984; Fox & Majer, 1980; Meney, 1986). It is based on six 
categories of tree condition: dead, bare branches, sparse canopy, receding canopy, stag 
head and full canopy (Figure 3.1). 
To evaluate the canopy and bole condition of Eucalyptus effectively and 
objectively, recent methods employ the rating of individual visual attributes of trees 
(Florence, 1996). One such index has been developed by Grimes (1987), originally to 
evaluate Corymbia maculata, Eucalyptus fibrosa (Red ironbarks), Eucalyptus 
drepanophylla (Grey ironbarks) and Eucalyptus acmenioides (White mahogany) for 
silviculture purposes. The Grimes (1987) index rates five attributes of tree boles and 
canopy structure, including: canopy density, canopy size, canopy position, dead 
branches and epicormic growth. It has been used to measure the condition and decline 
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status of Australian trees (Landsberg, 1985; 1989; Landsberg & Wylie, 1983) and 
adapted for Tuart (Chilcott, 1994; Ruthrof, 2001). 
A further commonly used method to determine canopy condition is 
measurement of live and dead canopy diameter, as well as live and dead 'tree height. 
This provides a more quantitative method, by measuring direct reduction in 
photosynthetic area of trees. Live and dead measures of canopy diameter and height 
have been used by a number of authors assessing Tuart (Fox & Dunlop, 1984; Meney, 
1986) and in other tree species (McDonald et al. , 2003). 
In summary there are a number of different methods available to determine 
canopy condition. This study will apply these methods and select the most effective in 
determining canopy condition, to investigate spatial patterns in canopy condition. 
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Figure 3.1 - Tuart scoring index (Beard, 1967; Fox & Curry, 1980). 
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3.2 Methodology 
Forty six study sites were randomly selected across the Tuart distribution, 
allowing one to sample most of the different Tuart morphology and community types 
(see Section 2.4). At each study site one 50 by 50 m plot was set up. Temporary 
flagged poles and tape measures were used to mark the study plot for the duration of 
the assessment, and the study plot coordinates were recorded using a Global Position 
System (GPS). Plot sizes were selected based on field trials and on their effective use 
in previous Tuart studies, for example Fox (1981) used 50 by 50 m plots to determine 
Tuart densities at random locations. 
At least 20 Tuart were assessed at all study sites, if less than 20 Tuart were 
encompassed in the first plot a second was setup adjoining the first. This was repeated 
until more than 20 Tuart were assessed; however, usually only one plot was required. 
The ability to increase plot sizes to encompass enough Tuart was based on other Tuart 
studies sampling designs, for example Fox and Dunlop (1984) and Meney (1986) used 
plots of differing sizes (0.8 to 3.4 hectares) to encompass sufficient Tuart. Assessing 
greater than 20 Tuart was considered sufficient replication, taking into account time 
constraints and needs of statistical analysis. 
Tuart were assessed systematically across plots, except in a small number of 
sites where stand density was too high (>200 Tuart/hectare) to be practical within 
time/labour constraints. In these cases some Tuart of similar canopy condition and size 
were grouped together (generally juveniles) and one representative assessment for each 
group made. Otherwise all Tuart greater than 2 m high or diameters at basal height 
(DBH) of greater than 2.5 cm were assessed. Tuart under this threshold were 
impractical to apply assessment methods to, as found in other studies (Carter & Ungar, 
2002). Assessment was completed by the author within a short period of time to 
minimise affects of seasonal changes in canopy condition. 
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Canopy completeness was determined by two measures of visual assessment, 
this included 'side-on' and 'base-on ' canopy completeness. 'Side-on' canopy 
completeness was detennined by looking at each tree from their side, and estimating 
how full their canopy wa (Figure 3.2). 'Base-on' canopy completeness was 
determined by looking up at each tree from underneath, and estimating how full their 
canopy was (Figure 3.2). 
Canopy completeness was scored from zero to 1 00 percent, where zero percent 
represented a defoliated canopy and 1 00 percent a complete canopy. Completeness 
was recorded as gaps in the canopies observed against the sky (Bussotti et al. , 2003), 
excluding the lower branches and areas where no branches were perceived to have 
been previously (UN ECE, 1998a, b). To reduce the subjectivity of the method, a 
number of guidelines from the UN ECE ( 1998a, b) were taken into consideration 
du1ing the assessment, including the use of photographic reference plates, assessment 
of Tuart in full daylight, and assessment at a distance where optimum views of trees 
were possible. 
Tree to be 
surveyed 
I 
Base-on 
Figure 3.2 - Measures of canopy completeness. Two angles were used to provide 
'side-on' and 'base-on' measures. 
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An index based on that of Grimes ( 1987), was used to assess and score Tuart 
canopy condition. To allow increased accuracy of canopy condition assessment, 
adaptations were made to accommodate a greater range of scores. The following 
section describes the attributes used for scoring, where all attributes were scored from 
one (poor canopy condition) to ten (good canopy condition). A score of zero was used 
for dead trees, for attributes of canopy density, dead branches and epicormic growth 
indices. For simplicity all attributes scoring tables are described briefly with the 
possibility of scoring between the main points shown in the tables. 
Canopy position was a measure of competition, referring to the position of 
Tuart in associations to adjacent tree canopies (Figure 3.3). A low position score 
indicates a Tuart under heavy competition and a high score a Tuart without any 
competition (Table 3.1 ). 
Canopy size took into account the shape, width and depth of the canopy. Since 
Tuart canopy size varies from low mallee to tall trees, the index was used to assess 
deformity, poor growth and inhibited development (Figure 3.3). A high score indicates 
a tree with a well formed canopy and a low score a tree with deformation and poor 
canopy (Table 3.2). 
Canopy density was a measure of the completeness of the Tuart canopy, 
concerning the distribution and density of foliage clumps that form a eucalypt canopy 
(Grimes, 1987) (Figure 3.3). A low score indicates a Tuart with very little canopy and 
a high score a Tuart with a full canopy (Table 3.3). 
The dead branches attribute was concerned with the extent of dead branches 
and branchlets that were observed in Tuart (Figure 3.3). Small twigs that had died 
inside the leaf zone as part of annual shedding were ignored, but all other dead limbs 
were included. A high score for this attribute indicates a well developed Tuart canopy 
and a low score a poor canopy Tuart (Table 3.4). 
The epicormic growth attribute was a measure of epicormic growth, which is 
growth that comes from under the bark or lower down the branches (Florence, 1996; 
Jacobs, 1955). Epicormic foliage is an indicator of disturbance of the primary growing 
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tip, through insect, fire or frost damage etc (Florence, 1996). The most recent Tuart 
canopy decline of Tuart is associated with a proliferation of epicormic growth, and 
reduction in outer canopy growth (Longman & Keighery, 2002). The epicormic 
growth attribute concentrated on new epicormic growth, not aged ones which in some 
cases had formed on major branches/boles (Figure 3.3). A high score for this attribute 
indicates a Tuart with no recent epicormic growth and a low score a Tuart with no 
outer canopy growth and only epicormic growth (Table 3.5). 
Table 3.1 - Canopy position scoring index adapted from Grimes (1987) 
Score Description 
I O The entire canopy is open without any competition from above or the side. The tree is in a dominant position with 
unrestricted sunlight. 
8 The upper surface is exposed and all or part of the sides may be in competition with adjacent canopies. There is no 
restriction to vertical canopy growth. The tree is in a co-dominant position. 
5 Only part of the canopy is exposed, and the stem has mostly side light. The canopy does have competition in part 
from above and from the side. 
3 None of the upper surface is exposed and only part of the side of the canopy is free. The tree is growing completely 
under the canopy of a dominating stem in a partly suppressed position. 
The canopy has no direct access to light either from above or the side and is in a completely suppressed position. 
Table 3.2 - Canopy size scoring index adapted from Grimes (1987) 
Score Description 
I O The canopy is wide, deep and roughly circular in plan, without any obvious faults. 
8 The canopy has easily observed but alight faults, such as lopsidedness or is partly undeveloped. 
5 Obvious deficiencies in size and/or shape are present. Canopy is considered to be satisfactory. 
3 Small, poorly shaped canopies that are considered unsatisfactory. 
Useless canopies, very small and ungainly. 
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Table 3.3 - Canopy density scoring index adapted from Grimes (1987) 
Score Description 
1 O Very dense leaf clumps with even distribution of clumps over the canopy. Very little light penetrating. 
8 Dense leaf clumps distributed unevenly over the canopy. 
5 Clumps of average density with reasonable distribution or dense clumps very unevenly spread. 
3 Clumps are sparse and poorly spread. 
Very few leaves anywhere in the canopy. 
O Completely dead tree, no signs of any life. 
Table 3.4 -Dead branches scoring index adapted from Grimes (1987) 
Score Description 
1 O No visible dead branchlets or branches in the canopy apart from the thin twigs immediately inside the new lead 
development. 
8 Dead branches evident, but not in the canopy. 
5 Small branches are dead but not over all over the canopy. These are easily observed but do not give the impression 
of serious affecting the canopy. 
3 Large and/or small branches dead over part of the canopy with the obvious impression of serious branch death. 
Clear signs of canopy and branch death, almost completely dead canopy. 
O Dead tree, with no signs of any living tissue. 
Table 3.5 -Epicormic growth scoring index adapted from Grimes (1987) 
Score Description 
10  No epicormic growth present. 
8 Slightly epicormic growth of canopy, limbs clear. 
5 Equal epicormic and canopy growth. 
3 Epicormic growth is present over most of the canopy and limbs. 
Severe epicormic growth over stem and canopy. 
O Dead Tuart showing no indication of any growth types (epicormic assumed last growth type). 
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Canopy posit ion 
Canopy size 
Canopy density 
Dead branches 
Epicormic g rowth 
Figure 3.3 - Illustrations of scoring of attributes used for Tuart canopy 
condition score assessment, adapted from Grimes (1987). 
Two scores per tree were calculated from the canopy condition attribute . The 
weighted canopy condition score (WCCS) (Equation 3 . 1 )  was developed, to allow the 
weighting of attributes considered important in portraying canopy decline. Dead 
branches (cl) was considered the most important attribute in portraying canopy decline, 
and therefore weighted the most. Canopy density (c) and epicormic growth (e) were 
considered the next most important attributes in portraying canopy decline so equally 
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weighted. The canopy position (a) and canopy size (b) attributes were not considered 
important descriptors of canopy decline, so were not weighted. 
Equation 3.1 
WCCS = La + b + (2c) + (3d) + (2e) 
The adapted canopy condition score (ACCS) (Equation 3.2) was developed to 
remove the canopy size (a) and position (b) attributes. This was necessary because it 
was decided that these attributed were measures of biophysical structure not 
necessarily canopy condition. For example, classic rural decline is characterised by 
epicormic growth, dead branches and reduced canopy density not position and size 
(Lowman et al. , 1987). 
Equation 3.2 
ACCS = I c + d  + e  
3.2.4 Canopy Size Reduction 
Canopy size reduction was determined by two measures, live and dead canopy 
width and height. Live and dead canopy width was determined by two perpendicular 
measurements across the canopy running North-South and East-West, consistent with 
Meney (1986). Live and dead height was determined using a Suunto forester's  
clinometer and trigonometry (Brower et al. , 1989; Meney, 1986). Percentage reduction 
in height and canopy width (average of length and width) was then calculated for each 
tree. 
3.2.5 Tuart Diameter at Breast Height 
To investigate different size class canopy condition the DBH of trees was 
recorded. Tuart are generally known to grow with annual girth increments (Karschon, 
1964), hence it was assumed that older trees would have larger boles than younger 
trees. Recording DBH allowed three means of site canopy condition to be determined 
for use in analysis, including: 
i. Mean canopy condition measures for all Tuart assessed per site, 
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ii. Mean canopy condition measures for the largest five DBH Tuart assessed per 
site (not including any grouped Tuart), 
iii. Mean canopy condition measures for the smallest five DBH Tuart assessed per 
site (not including any grouped Tuart). 
All Tuart assessed had their DBH ( - 1.3 m) over bark recorded using a 
forester's diameter tape measure. Tuart with extensive fire scares or deformities that 
would affect accurate measurement of their true DBH, had their DBH recorded on the 
nearest non-affected part of their bole. Multiple stem Tuart had the DBH of each bole 
recorded and their combined basal area and equivalent DBH determined. As a rule of 
thumb, if boles split below ground level they were treated as individual trees. 
3.2.6 Observations 
An attempt was made to understand canopy decline architecture by making 
observations of individual trees canopy decline types. 
3.3 Analysis 
3.3.1 Selecting and Applying Appropriate Canopy Condition Measures 
Canopy condition measures ('side-on' and 'base-on' canopy completeness, 
canopy size reduction, and canopy condition score) of each site were compared using 
two-tailed Spearman rank order (RHO) bivariate correlation test, using SPSS for 
Windows (2001). Spearman's RHO was appropriate because of unbalance variance, 
violations of homogeneity of distribution and use of proportional data (Fowler et al. , 
1998; Zar, 1999). Spearman's RHO was completed to identify strongly correlating 
canopy condition measures, to allow the elimination of superfluous measures. 
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3.3.2 Characterisation and Categorisation of Canopy Condition by Univariate 
Analysis 
3.3.2.1 Identifying homogonous groups of sites 
Canopy condition measures are presented as means per site in three categories: 
all Tuart assessed; as the largest five DBH; and the smallest five DBH Tuart assessed. 
Homogeneity of variance was not equal using Levene's  test (P = <0.05) (Coakes & 
Steed, 2001), even following a number of data transformation (arcsine, square root and 
various logarithms). Homogeneous groups were still determined by one-way analysis 
of variance (ANOVA) using an adjusted alpha (P = <0.01) because large balanced 
datasets are robust to deviation from homogeneity (Underwood, 1981). Games-Howell 
(GH) post-hoe test was chosen to identify homogeneous groups because it 
accommodates unequal variance and sample sizes (P = <0.01 ). To confirm groupings, 
the non-parametric Kruskal-Wallis test with subsequent examination of ranks, was also 
used. Tests were completed using SPSS for Windows (2001). 
3.3.2.2 Identifying difference between geographic groups 
To identify significant differences in canopy condition between geographic 
regions one-way ANOV As were performed, except for the adapted canopy condition 
score. One-way ANOVA was used despite some deviation in normal distribution as 
ANOVAs are robust to deviation of normal distribution, especially where there is low 
variance, a large sample and an equal number of replicates (Fowler et al. , 1998; Zar, 
1999). An adjusted alpha (P = <0.01) was used to reduce the risk of Type one error 
(Underwood, 1981). Arcsine transformation was applied to (proportional) data to 
provide continuous values and improve normality of distribution (Fowler et al. , 1998). 
For the adapted canopy condition score, the non-parametric Kruskal-Wallis test (P = 
<0.05) was used to compare geographic regions. Tests were completed using SPSS for 
Windows (2001 ). 
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3.3.3 Characterisation and Categorisation of Canopy Condition by Multivariate 
Analysis 
3.3.3.1 Ordination 
Site by site similarity matrixes of important Tuart canopy condition measures 
were produced, using: canopy completeness ('side-on'); canopy size reduction (height 
and width); and the adapted canopy condition score. Two measures were omitted, the 
canopy completeness ('base-on') because it was considered superfluous (from 
correlation analysis), and the weighted canopy condition score because it included non 
canopy decline related attributes. Similarity matrices were constructed using 
normalised euclidean distance (d) suggested as suitable for environmental data (Clarke 
& Warwick, 1994). Standardisation was not completed because it did not affect 
ordination, and weighting was considered appropriate. 
Canopy condition between sites was then investigated using non-metric 
multidimensional scaling ordination (NMDS) to group sites by canopy condition. 
NMDS was used because it is a simple concept (although complex algorithms are 
used), data is based on relevant sample information (similarity matrix), multiple 
canopy condition measures could be incorporated and the concept is suitable for many 
applications (Clarke & Warwick, 1994). NMDS's work by producing a configuration 
that satisfies all conditions imposed by the rank similarity matrix, for example, if site 
one has higher similarity to site three than site two it will be placed closer to site three, 
a process complicated by incorporating a number of canopy condition measures 
(Clarke & Warwick, 1994). NMDS's were computed with a practical 100 restarts in an 
attempt to minimise stress (<0.05). A stress of less than 0.05 suggests good 
representation with little prospect of misrepresentation (Clarke & Warwick, 1994 ). 
To help analyse the NMDS, a hierarchical agglomerative clustering analysis 
was performed on the similarity matrix to produce a dendrogram. A 3 d and 2 d 
similarity threshold was then used to determine canopy condition groups, as well as to 
check the success of the ordination (Austin & McKenzie, 1988; Clarke & Warwick, 
1994; Kent & Coker, 1992). All ordination analyses were completed in Primer for 
Windows (2001). 
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Kruskal-Wallis and Mann-Whitney U-tests were used to verify differences in 
canopy condition measures between canopy condition groups determined from the 
NMDS. These tests were applicable because of unequal group sizes and non normal 
distribution (Fowler et al. , 1998; Zar, 1999). The Kruskal-Wallis test was used where 
there were greater than two canopy condition groups. The Mann-Whitney U-test was 
used where there were two canopy condition groups. If canopy condition groups had 
too few sites categorised in them, they were omitted. Tests were completed using 
SPSS for Windows (2001). 
3.3.4 Identifying Spatial Patterns of Canopy Condition 
Canopy decline patterns were mapped in a GIS environment to spatially 
explore patterns of canopy condition across the Tuart distribution, using ARCview 
3.0a (ESRI, 1996a). 
3.4 Results 
3.4.1 Selecting and Applying Appropriate Canopy Condition Measures 
Significant correlations were found between all canopy condition measures (P 
= <0.001) for all size classes analysed (Table 3.6, Table 3.7 and Table 3.8). Strong 
correlations (r-value = <0.7) (Fowler et al. , 1998), signify some canopy condition 
measures may be superfluous, as they are expressing the same characteristics. The 
most appropriate measures to use in further analysis, as suggested from these 
correlations, are canopy completeness ('side-on'), canopy size reduction (height and 
width), and the adapted canopy condition score. The canopy completeness ( 'base-on') 
and the weighted canopy condition score do not add significantly to explaining results 
as they correlate strongly to the other measures. Therefore these two measures are not 
used in subsequent analysis, but results can be viewed in appendix 3. 
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Table 3.6 - Canopy condition measures compared using two tailed Spearman 
Rank Order Correlations for all Tuart per study sites (n = 46). The table 
includes, canopy completeness measures (CC = 'side-on' and CCB = 'base-on'), 
canopy width reduction (CSR), canopy height reduction (HR), weighted canopy 
condition score (WCCS) and adapted canopy condition score (ACCS). 
ALL TUART cc CCB CSR HR wccs ACCS 
cc r .809 .61 3  .432 .727 .773 
p <0.001 <0.001 <0.001 <0.001 <0.001 
CCB 
r .809 .610 .41 3  .685 .781 
p <0.001 <0.001 <0.001 <0.001 <0.001 
CSR 
r .613  .610  .401 .503 .620 
p <0.001 <0.001 <0.001 <0.001 <0.001 
HR 
r .432 .413  .401 .423 .472 
p <0.001 <0.001 <0.001 <0.001 <0.001 
wccs r .727 .685 .503 .423 .874 
p <0.001 <0.001 <0.001 <0.001 <0.001 
ACCS 
r .773 .78 1  .620 .472 .874 
p <0.001 <0.001 <0.001 <0.001 <0.001 
Table 3.7 - Canopy condition measures compared using two tailed Spearman 
Rank Order Correlations for the largest Tuart per study sites (n = 46). The 
table includes, canopy completeness measures (CC = 'side-on' and CCB = 'base-
on'), canopy width reduction (CSR), canopy height reduction (HR), weighted 
canopy condition score (WCCS) and adapted canopy condition score (ACCS). 
LARGEST TU ART cc CCB CSR HR wccs ACCS 
cc r .855 .708 .479 .755 .787 
p <0.001 <0.001 <0.001 <0.001 <0.001 
CCB 
r .855 .684 .429 .750 .786 
p <0.001 <0.001 <0.001 <0.001 <0.001 
CSR 
r .708 .684 .476 .634 .691 
p <0.001 <0.001 <0.001 <0.001 <0.001 
HR 
r .479 .429 .476 .483 .501 
p <0.001 <0.001 <0.001 <0.001 <0.001 
wccs r .755 .750 .634 .483 .936 
p <0.001 <0.001 <0.001 <0.001 . <0.001 
ACCS 
r .787 .786 .691 .501 .936 
p <0.001 <0.001 <0.001 <0.001 <0.001 
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Table 3.8 - Canopy condition measures compared using two tailed Spearman 
Rank Order Correlations for the smallest Tuart per study sites (n = 46). The 
table includes, canopy completeness measures (CC = 'side-on' and CCB = 'base­
on'), canopy width reduction (CSR), canopy height reduction (HR), weighted 
canopy condition score (WCCS) and adapted canopy condition score (ACCS). 
SMALLEST TUART cc CCB CSR HR wccs ACCS 
cc r .843 .510 .422 .777 .787 
p <0.001 <0.001 <0.001 <0.001 <0.001 
CCB 
r .843 .521 .387 .738 .755 
p <0.001 <0.001 <0.001 <0.001 <0.001 
CSR 
r .510 .521 .412  .503 .577 
p <0.001 <0.001 <0.001 <0.001 <0.001 
HR 
r .422 .387 .412  .420 .460 
p <0.001 <0.001 <0.001 <0.001 <0.001 
wccs r .777 .738 .503 .420 .936 
p <0.001 <0.001 <0.001 <0.001 <0.001 
ACCS 
r .787 .755 .577 .460 .936 
p <0.001 <0.001 <0.001 <0.001 <0.001 
3.4.2 Characterisation and Categorisation of Canopy Condition by Univariate 
Analysis 
The following section describes selected canopy condition measures and 
compares groups of sites by one-way ANOVA and Games-Howell (GH) post-hoe test. 
3.4.2.1 Canopy completeness (CC) 
All Tuart. Most sites scored between 65 and 95 percent, with a mean score of 
60 percent, median of 70 percent and mode of 80 percent (Figure 3.4). CC measures 
ranged from O to 100 percent. The Kruskal-Wallis test found significant differences in 
CC between the sites (X2 = 513.914, d.f. = 45, P = <0.01). One-way ANOVA 
confirmed these significant differences in CC between the sites (F = 19.563, d.f. = 45, 
P = <0.01). GH post-hoe test and comparisons of standard error bars of CC suggested 
that sites 7, 9, 27-34 and 45 had significantly lower completeness. Sites 30 and 32 
were the lowest scoring sites. Sites 1-6, 8, 10-26, 35-44 and 46 were a homogeneous 
group, and considered medium to high scoring. 
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Largest Tuart. Most sites scored between 75 and 95 percent cover with a mean 
score of 61 percent, median of 75 percent and mode of 80 percent (Figure 3.5). CC 
measures ranged from O to 100 percent. The Kruskal-Wallis test found significant 
differences in CC between the sites (X2 = 118.623, d.f. = 45, P = <0.01). One-way 
ANOVA confirmed these significant differences in CC between the sites (F = 5.604, 
d.f. = 45, P = <0.01). GH post-hoe test and comparisons of standard error bars found 
sites 7, 9, 26, 28-32, 34 and 45 had significantly lower CC. Sites 31 and 32 were the 
lowest scoring. Sites 1-6, 8,  10-25, 27, 33, 35-44 and 46 were homogeneous, and 
considered medium to high scoring sites. 
Smallest Tuart. Most sites scored between 55 and 85 percent cover, with a 
mean score of 60 percent, median of 60 percent and mode of 70 percent (Figure 3.6). 
Scores ranged from O to 95 percent. The Kruskal-Wallis test found significant 
differences in CC between the sites (X2 = 74.412, d.f. = 45, P = <0.01). One-way 
ANOVA confirmed these significant difference in CC between the sites (F = 2.74, d.f. 
= 45, P = <0.01), but GH post-hoe test and comparisons of standard error bars did not 
find any significantly differently sites. 
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Figure 3.4 - Mean canopy completeness per study site ± S.E. F and P-values 
refer to results of one-way ANOVA and the horizontal lines (top) represent 
homogeneous groups based on Games-Howell post-hoe test and comparison of 
error bars. Dashed vertical lines indicate geographic region boundaries and 
study site codes are in order of latitude from north to south. 
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Figure 3.5 - Mean canopy completeness of the largest Tuart per study site ± S.E. 
F and P-values refer to results of one-way ANOV A and the horizontal lines 
(top) represent homogeneous groups based on Games-Howell post-hoe test and 
comparison of error bars. Dashed vertical lines indicate geographic region 
boundaries and study site codes are in order of latitude from north to south. 
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Figure 3.6 - Mean canopy completeness of the smallest Tuart per study site ± 
S.E. F and P-values refer to results of one-way ANOV A and the horizontal lines 
(top) represent homogeneous groups based on Games-Howell post-hoe test and 
comparison of error bars. Dashed vertical lines indicate geographic region 
boundaries and study site codes are in order of latitude from north to south. 
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All Tuart. Most sites scored between 18 and 26 (out of 30) (Figure 3.7). The 
mean ACCS score was 18, with a median of 20, and mode of 24, with scores ranging 
from O to 29. The Kruskal-Wallis test found significant differences in ACCS between 
sites (X2 = 524.721, d.f. = 45, P = <0.01). One-way ANOVA confirmed these 
significant differences in ACCS between sites (F = 18.705, d.f. = 45, P = <0.01). GH 
post-hoe test and comparisons of standard error bars found low scoring sites 7, 28-32 
and 36 were significantly different to most other sites. Sites 31 and 32 were 
significantly lowest scoring sites. All other sites were homogeneous with respect to 
scoring, scoring medium to high. 
Largest Tuart. For the ACCS score the mean score was 18, with a median of 
20, and mode of 22, with scores ranging from O to 28 (Figure 3 .8). The Kruskal-Wallis 
test found significant differences in ACCS between sites (X2 = 133.961, d.f. = 45, P = 
<0.01). One-way ANOVA confirmed these significant differences in ACCS between 
sites (F = 6.486, d.f. = 45, P = <0.01). GH post-hoe test and comparisons of standard 
error bars found significantly low scoring sites were 7 and 30-32. Other sites were 
homogeneous with respect to scoring, scoring medium to high. 
Smallest Tuart. For the ACCS most sites scored between 11 and 26 ( out of 30) 
(Figure 3.9). The mean ACCS score was 17, with a median of 17, and mode of 24, 
with scores ranging from O to 29. The Kruskal-Wallis test found significant differences 
in ACCS between sites (X2 = 96.213, ,d.f. = 45, P = <0.01). One-way ANOVA 
confirmed these significances difference in ACCS between sites (F = 2.755, d.f. = 45, 
P = <0.01). However, GH post-hoe test and comparisons of standard error bars failed 
to identify any significantly different groups of sites. 
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represent homogeneous groups based on Games-Howell post-hoe test and 
comparison of error bars. Dashed vertical lines indicate geographic region 
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Figure 3.8 - Mean adapted canopy condition score for the largest Tuart per 
study site ± S.E. F and P-values refer to results of one-way ANOV A and the 
horizontal lines (top) represent homogeneous groups based on Games-Howell 
post-hoe test and comparison of error bars. Dashed vertical lines indicate 
geographic region boundaries and study site codes are in order of latitude from 
north to south. 
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Figure 3.9 - Mean adapted canopy condition score for the smallest Tuart per 
study site ± S.E. F and P-values refer to results of one-way ANOVA and the 
horizontal lines (top) represent homogeneous groups based on Games-Howell 
post-hoe test and comparison of error bars. Dashed vertical lines indicate 
geographic region boundaries and study site codes are in order of latitude from 
north to south. 
3.4.2.3 Canopy size reduction 
All Tuart. Percentage canopy width reduction (CSR) occurred at all sites with a 
number of geographic clusters of sites with greater reduction (Figure 3.10). Most sites 
had less than -10 percent CSR, with a mean of -14 percent, median of -2 percent and 
mode of O percent. Canopy height reduction (HR) was not as widespread as canopy 
width reduction through the distribution, and only had one major peak (Figure 3.13). 
Most sites had less than -5 percent canopy height reduction, with a mean of -8 percent, 
median of O percent and mode of O percent. Both factors measurements ranged from -0 
to - 100 percent. 
The Kruskal-Wallis test found significant differences in CSR (X2 = 504. 1 14, 
d.f. = 45, P = <0.01) and in HR (X2 = 478.018, d.f. = 45, P = <0.01) between sites. 
One-way ANOVA confirmed these significant differences between sites for CSR (F = 
12.672, d.f. = 45, P = <0.01) and HR (F = 10.405, d.f. = 45, P = <0.01). GH post-hoe 
test and comparisons of error bars for CSR found most sites were homogeneous with 
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little or no canopy reduction, although sites 7 and 28-32 had significantly greater 
reduction. For HR most sites were homogeneous with little reduction, although sites 26 
and 29-32 had significantly greater reduction. 
Largest Tuart. Most sites had less than -20 percent CSR, with a mean of -18 
percent, median of -7 percent and mode of O percent (Figure 3 .11). HR was more 
prevalent in larger Tuart, but no significantly different groups were found (Figure 
3.14). Most sites had O percent HR, with a mean of -9 percent, median of O percent and 
mode of O percent. Both CSR and HR measurements ranged from -0 to -100 percent. 
The Kruskal-Wallis test found significant differences between sites for CSR (X2 = 
121.268, d.f. = 45, P = <0.01) and HR (X2=125.653, d.f. = 45, P = <0.01). One-way 
ANOVA confirmed these significant differences between sites for CSR (F = 3.910, 
d.f. = 45, P = <0.01) and for HR (F = 4.666, d.f. = 45, P = <0.01). GH post-hoe test 
and comparison of error bars for CSR and HR suggested most sites were homogeneous 
with little or no reduction. The only group of sites found to be significantly different 
was for CSR, and including sites 27 and 29-30. 
Smallest Tuart. For CSR most sites had O percent canopy reduction, with a 
mean of -16 percent, median of -4 percent and mode of O percent (Figure 3.12). For 
HR most sites had O percent HR, with a mean of -7 percent, median of O percent and 
mode of O percent (Figure 3.15). For both factors, measurements ranged from -0 to -
100 percent. The Kruskal-Wallis test found significant differences in CSR (X2 = 
86.323, d.f. = 45, P = <0.01) and in HR (X2 = 95.840, d.f. = 45, P = <0.01) between 
sites. One-way ANOV A confirmed these significant differences in CSR (F = 2.276, 
d.f. = 45, P = <0.01) and in HR (F = 2.193, d.f. = 45, P = <0.01) between sites. GH 
post-hoe test and comparison of error bars for CSR and HR identified no significantly 
different sites. 
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Figure 3.10 - Mean canopy width reduction per study site ± S.E. F and P-values 
refer to results of one way ANOV A and the horizontal lines (bottom) represent 
homogeneous groups based on Games-Howell post-hoe test and comparison of 
error bars. Dotted vertical lines indicate geographic region boundaries and 
study site codes are in order of latitude from north to south. 
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Figure 3.11 - Mean canopy width reduction of the largest Tuart per study site ± 
S.E. F and P-values refer to results of one way ANOVA and the horizontal lines 
(bottom) represent homogeneous groups based on Games-Howell post-hoe test 
and comparison of error bars. Dashed vertical lines indicate geographic region 
boundaries and study site codes are in order of latitude from north to south. 
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Figure 3.12 -Mean canopy width reduction of the smallest Tuart per study site 
± S.E. F and P-values refer to results of one way ANOV A and the horizontal 
lines (bottom) represent homogeneous groups based on Games-Howell post-hoe 
test and comparison of error bars. Dashed vertical lines indicate geographic 
region boundaries and study site codes are in order of latitude from north to 
south. 
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Figure 3.13 -Mean canopy height reduction per study site ± S.E. F and P-values 
ref er to results of one way ANOV A and the horizontal lines (bottom) represent 
homogeneous groups based on Games-Howell post-hoe test and comparison of 
error bars. Dashed vertical lines indicate geographic region boundaries and 
study site codes are in order of latitude from north to south. 
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Figure 3.14 - Mean canopy height reduction of the largest Tuart per study site ± 
S.E. F and P-values refer to results of one way ANOV A and the horizontal lines 
(bottom) represent homogeneous groups based on Games-Howell post-hoe test 
and comparison of error bars. Dashed vertical lines indicate geographic region 
boundaries and study site codes are in order of latitude from north to south. 
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Figure 3.15 -Mean canopy height reduction of the smallest Tuart per study site 
± S.E. F and P-values refer to results of one way ANOV A and the horizontal 
lines (bottom) represent homogeneous groups based on Games-Howell post-hoe 
test and comparison of error bars. Dashed vertical lines indicate geographic 
region boundaries and study site codes are in order of latitude from north to 
south. 
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3.4.2.4 Difference between geographic regions 
There were a number of significant differences in canopy condition measures 
between geographic regions (1 to 4) established in chapter 2 (Table 3.9). The Yalgorup 
region (3) and to a lesser extent the Ludlow region (4) were found to have significantly 
higher canopy decline in analysis of all Tuart and the largest Tuart. For the smallest 
Tuart the greatest canopy decline was again in the Yalgorup region (3), but also to 
some extent in the Northern metropolitan region ( 1 ) .  
Table 3.9 - Results of significant tests for differences in canopy condition 
measures between geographic regions, one-way ANOVA1 and Kruskal-Wallis2• 
In all cases d.f. = 3. Canopy condition measures include: canopy completeness 
(CC), canopy width reduction (CSR), canopy height reduction (HR), and the 
adapted canopy condition score (ACCS). Significant differences are denoted by 
* at P = <0.05 and ** at P = <0.01. 
Canopy condition measures All Tuart Largest Tuart Smallest Tuart 
cc1 P value .040* .005**  . 1 34 
F value 3.018  4.852 1 .966 
CSR1 
P value .007** .020* .016* 
F value 4.635 3.659 3.879 
HR1 
P value .025* .023* .088 
F value 3.444 3.506 2.33 
ACCS2 
P value .016* .012* .028* 
X2 value 10.270 1 0.989 9.100 
3.4.3 Characterisation and Categorisation of Canopy Condition by Multivariate 
Analysis 
3.4.3.1 All Tuart 
NMDS analysis of the mean canopy condition measures per site suggested a 
similar trend to that found by univariate analysis of individual canopy condition 
measures, with the Yalgorup region emerging as a distinctive group (Figure 3.16). The 
first categorisation was taken at 3 d similarity, and identified two major groups, group 
A and group B. Group A was formed by sites from the Yalgorup region (n = 6; sites 
26, 28, 29, 30, 31, and 32), all of which had high levels of canopy decline. Group B 
was formed by the majority of sites (n = 40) suggesting much of the Tuart distribution 
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is of similar canopy condition. The second categorisation was taken at a lower 
threshold of 2 d similarity, and identified five subgroups. Two subgroups of group A, 
including subgroup B which encompasses the lowest scoring canopy condition sites 
(sites 32 and 29). In addition to three subgroups of group B, including two subgroups 
showing greater canopy decline (Bl and B2). However, most sites remained in one 
subgroup, subgroup (B3) and therefore are similar in canopy condition. 
3.4.3.2 Smallest and largest Tuart 
Analysis of the largest Tuart canopy condition measures by NMDS identified 
three groups at 3 d similarity (Figure 3.17). Group A sites (n = 2) were found to have 
the greatest canopy decline and were both from the Yalgorup region. Group B sites (n 
= 8) also had a large amount of canopy decline similar to group A. Group B sites 
include sites 43, 45 (Ludlow), 7 (Neerabup), and 29, 33, 28, 27, and 31 (Yalgorup). 
The majority of the sites (n = 36) formed group C. Subgroups categorisation at a 
threshold of 2 d found only two subgroups, subgroup B 1 and B2. These two subgroups 
are thought to represent variation in canopy condition in group B. 
NMDS of the smallest Tuart identified fewer groups of similar sites, but overall 
results were similar to univariate analysis (Figure 3.18). The high stress of 0.07 
suggests the NMDS is less representative but acceptable (Clarke & Warwick, 1994). 
The first categorisation at 3 d similarity identified two major groups, with one outlying 
site. Again most of the sites fell into one main group, group C. The other group, group 
B included lower score canopy condition sites, mostly from Yalgorup as well as some 
northern metropolitan sites (Bold Park, Craigie Open Space, Lake Joondalup, and 
Neerabup Middle). One outlying site (Caddadup reserve) was found, as a separate 
group, group A. A second categorisation of subgroups with a lower threshold of 2 d 
similarity suggested that four subgroups existed, including two low scoring canopy 
condition subgroups (Bl and B2) and two high scoring canopy condition subgroups 
(Cl and C2). 
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Figure 3.16 -Multivariate analysis of sites' canopy condition measures: A) Non­
metric multidimensional scaling of canopy condition measures by normalised 
Euclidean distance (d). Groups are coded by geographic regions (1 to 4) and site 
numbers. Two groups are suggested, firstly groups based on 3 d similarity (bold 
lines) and second subgroups based on 2 d similarity (dashed lines). The bold 
arrow indicates the direction of canopy condition (CC). B) Dendrogram of 
similarity between sites used as justification for groupings, where bold lines 
indicate groups and dashed line subgroups. 
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Figure 3.17 - Multivariate analysis of sites' largest Tuart canopy condition 
measures: A) Non-metric multidimensional scaling of canopy condition 
measures by normalised euclidean distance (d). Groups are coded by geographic 
location (1 to 4) and site numbers. Two groups are suggested, firstly groups 
based on a 3 d similarity (bold lines) and second subgroups based on 2 d 
similarity (dashed lines). The bold arrow indicates the direction of canopy 
condition (CC). B) Dendrogram of similarity between sites used as justification 
for groupings, where bold lines indicate groups and dashed line subgroups. 
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Figure 3.18 - Multivariate analysis of sites' smallest Tuart canopy condition 
measures: A) Non-metric multidimensional scaling of canopy condition 
measures by normalised Euclidean distance. Groups are coded by geographic 
location (1 to 4) and site numbers. Two groups are suggested, firstly groups 
based on 3 d similarity (bold lines) and second subgroups based on 2 d similarity 
(dashed lines). The bold arrow indicates the direction of canopy condition (CC). 
B) Dendrogram of similarity between sites used as justification for groupings, 
where bold lines indicate groups and dashed line subgroups. 
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3.4.3.3 Truthing groups and subgroups 
To check the success of categorisation of sites, all major groups and subgroups 
were tested for significant differences between their canopy condition measure means 
(Table 3.10). Subgroups of the largest and smallest Tuart are not included because they 
are considered difficult to interpret effectively. 
Table 3.10 -Significant test for differences in canopy condition measure means 
between canopy condition groups and subgroups. Canopy condition measures 
include: CC = canopy completeness, CSR = canopy width reduction, HR = 
canopy height reduction and ACCS = adapted canopy condition score. All tests 
Kruskal-Wallis, except 1= Mann-Whitney U-test. Significant differences are 
denoted by ** at P = <0.01. 
Condition groups cc CSR HR ACCS 
Al  22.5 -49.4 -49.5 9.2 
A2 29.8 -27.6 -38.9 I I  "' = 
B l  ..... = N = <I s.. Cl.I 
eu � B2 = 43.5 -9.9 -23.5 15.6 - B3 65.9 -3.6 -9.36 19.6 -
.:i x
2 20.902 2 1 . 1 09 17.979 20.048 
"' 
Cl.I 
E-< p .OOO** .OOO** .OOO** .OOO** 
A 6.6 -67.2 -59.2 5.4 "' = B 31 .2 -38.9 -23 . 1  10.4 ..... 
f!l � c 71  -9.6 -2.1 20.2 
s.. 
eu 
x2 ..;i .:i 1 3.040 1 1 .692 1 0.89 22.628 "' 
Cl.I 
E-< p .001** .003** .004** .OOO** 
A n = < I  "' = B 29.7 -37.6 -20.7 I I  .... = ..... Cl.I 
f!l � c 57.7 -9.8 -2.66 18  --
eu 
.:i x
z 35.500 20.000 52.000 14.000 
"' 
Cl.I 
p .001** .OOO** .004** .OOO** 
3.4.4 Identifying Spatial Patterns in Canopy Condition 
Categories of canopy decline have been plotted in a GIS format that allows 
interpretation of spatial patterns (Figure 3.19, Figure 3.20 and Figure 3.21). 
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Tuart distribution by 
Hopkins et al (200 1 ), 
provided by the 
Department of Agriculture 
Western Australia. 
Australian coastline 
polygon and urban centre 
names are provided by 
ANZLIC (200 1 ) . 
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Figure 3.1 9  - Spatial distribution of canopy condition groups and subgroups for 
study sites, based on categorisation of all Tuart. The legend in the figure shows 
the categories and descriptions of each canopy decline group. 
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Tuart distribution by 
Hopkins et al (2001 ), 
provided by the 
Department of Agriculture 
Western Australia. 
Austral ian coastline 
polygon and urban centre 
names are provided by 
ANZLIC (200 1 ) . 
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A B - Severe canopy decline 
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20 Kilometers 
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Figure 3.20 - Spatial distribution of canopy condition groups for study sites, 
based on categorisation of the largest Tuart. The legend in the figure shows the 
categories and descriptions of each canopy decline group. 
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Tuart distribution by 
Hopkins et al (200 1 ), 
provided by the 
Department of Agriculture 
Western Australia. 
Australian coastline 
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names are provided by 
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Figure 3.21 - Spatial distribution of canopy condition groups for study sites, 
based on categorisation of the smallest Tuart. The legend in the figure shows the 
categories and descriptions of each canopy decline group. 
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3.5 Discussion 
3.5.1 Introduction 
The objective of this study was to select appropriate measures of canopy 
condition, employ these to characterise and categorise canopy condition, and 
investigate spatial patterns of these across the Tuart distribution. This discussion firstly 
addresses the selection of canopy condition measures found to be most efficient and 
accurate at determining canopy condition. Secondly, it discusses canopy condition 
categories and character in relation to the canopy decline of other species. Lastly it 
discusses the identified spatial patterns of canopy condition across the entire Tuart 
distribution. 
3.5.2 Evaluating Canopy Condition Measures 
Strong correlations were found between the six canopy condition measures. 
This strong correlation suggests that all canopy condition measures used are effective 
at measuring canopy condition. However, some of the canopy condition measures 
were found not to be adding new information on canopy condition to categorisation 
and subsequent analyses. The most effective, efficient and accurate measure of canopy 
condition was canopy completeness ( 'side-on'), which has been used as a successful 
indicator of canopy decline in many other studies (Aamlida et al. , 2000; Bussotti et al. , 
2003; Clarke et al. , 1980; Dobbertin & Brang, 2001; Durrant & Boswell, 2002; 
Gibson, 2001; Landsberg, 1989; McDonald et al. , 2003; UN ECE, 1998a, b). From 
here on, canopy completeness is used to refer to canopy completeness ( 'side-on'). 
Canopy completeness is recommended for future studies and subsequent analysis, 
because of its success in this study and its efficiency. 
Canopy condition indices have been successfully used to determine canopy 
condition in studies of Tuart (Chilcott, 1992; 1994; Fox, 1981; Fox & Curry, 1980; 
Fox & Majer, 1980; Meney, 1986; Ruthrof, 2001), as well as in other species 
(Dobbertin & Brang, 2001; Landsberg, 1989; McDonald et al. ,  2003). There were 
reservations in the use of the weighted canopy condition scores in this study, as the 
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assessment index was primarily developed for silviculture, and therefore did not 
differentiate between tree growth and vigour (Florence & Crocker, 1962; Grimes, 
1987). To improve the weighted canopy condition scores, the position and size 
attributes were removed to calculate the adapted canopy condition scores. This is 
because Tuart canopy decline is characterised by epicormic growth, dead branches and 
reduced canopy not position and size attributes (Lowman et al. , 1987). The adapted 
canopy condition scores were used for categorisation processes, as the score added 
growth characteristic information. However, both calculations were considered 
superfluous, correlating strongly to the canopy completeness measures. For this reason, 
slow speed of scoring as well as statistical difficulties associated with ordinal data 
(Zar, 1999), canopy condition indices are not recommended for future studies. 
Canopy size reduction measures (height and width) have also been used in 
other Tuart canopy condition studies, but results were difficult to compare because of 
varying plot sizes and calculations used in other studies (Fox & Dunlop, 1984; Meney, 
1986). Canopy size reduction measures were used for categorisation of Tuart canopy 
condition because they did not correlate as strongly to canopy completeness, and 
therefore were considered to measure different attributes of canopy condition. Canopy 
size reduction measures are recommended for future studies because they are 
considered more accurate and less subjective than estimation based methods. 
3.5.3 Characterising and Categorising Canopy Condition 
Categorisation of Tuart canopy condition across the entire distribution was 
undertaken by univariate and multivariate analysis, which showed similar trends. The 
latter was used for categorisation of canopy condition, because it allowed a number of 
different measures of canopy condition to be combined. However, attempts to classify 
Tuart into discrete groups and subgroups were difficult because of the high variation in 
canopy condition within sites. Categorisation was further complicated by the lack of 
comparative studies, use of different methodological approaches in other studies as 
well as the subjective nature of visual assessment (Landsberg, 1989; Mizoue & 
Masutani, 2003). Despite this, two canopy condition groups emerged from multivariate 
analysis, groups A and B, as well as five less defined subgroups (Figure 3.18). 
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The first, significantly different group, group A, was characterised by six sites 
with less than 30 percent canopy completeness. According to the widely used UN ECE 
(1998a, b) forest monitoring guidelines this suggests 'severe canopy decline' . 
Unfortunately the UN ECE categorisation is based on broadleaved/pine trees, quite 
different from eucalypt growth characteristics. For example eucalypts typically have 
canopies formed from clumps of foliage (Florence, 1996; Grimes, 1987; Jacobs, 1955). 
Therefore the categorisation of canopy completeness by Podger et al ( 1980) is perhaps 
better for this project, suggesting group A sites are 'advanced dieback affected'. Group 
A sites were also grouped into two subgroups which are considered to represent 
differing severity of canopy decline. Most severe canopy decline affected sites, sites 28 
and 32 (group Al)  may indicate epicentres of the canopy decline that decreases in 
severity in surrounding sites (group A2). 
The canopy condition in group A sites was found to fit the classic description 
of Australian and international dieback (Heatwole & Lowman, 1986). This is the 
'progressive dying back from tips of twigs, branches or tops of trees', as well as 
foliage chlorosis and epicormic growth (Podger, 1980a; SAF, 1998). Canopy decline 
of group A sites might therefore be better described in future publications as Tuart 
dieback, although this might cause problems with Western Australians, many of whom 
consider dieback to refer to P. cinnamomi related dieback (Longman & Keighery, 
2002). 
The second group categorised by ordination, was formed by the majority of 
sites and called group B. Group B sites are considered to be of 'moderate to slight 
canopy decline' in accordance with UN ECE guidelines, with a mean of approximately 
70 percent canopy completeness (UN ECE, 1998a, b). The Podger et al (1980) 
classification suggests group B sites may be considered 'affected by dieback'. 
Considering these classifications this indicates that the majority of the Tuart 
distribution is affected by moderate canopy decline, concurring with a number of 
studies that suggest Tuart canopy condition is deteriorating across its distribution (Fox 
& Majer, 1980; Longman & Keighery, 2002; Powell & Keighery, 2002; TRG, 2002). 
However, without comparative studies or long-term monitoring we do not know how 
much canopy decline is a result of anthropogenic activities or background decline that 
is indicative of eucalypts generally (Florence, 1981; Jacobs, 1955), or Tuart 
specifically. For example Podger et al (1980) considers as much as 20 percent canopy 
- 73 -
Environmental Correlates and Tuart Decline 
Chapter 3. 
defoliation may be background (stand level) decline. Background decline is an 
'accepted' level of canopy decline that occurs within a 'natural' (fully functional and 
uninfluenced by humans) tree canopy. 
There were three subgroups categorised in group B. The majority of the sites 
fell into one subgroup B3, assumed to be of 'slight or canopy dieback affected' with a 
mean of only approximately 65 percent canopy completeness (Podger et al., 1980; UN 
ECE, 1998a, b). Most of this canopy decline is probably background decline as 
previously stated. Two other subgroups of group B, subgroups B 1 and B2 are 
considered 'moderately or advanced dieback' (Podger et al. ,  1980; UN ECE, 1998a, 
b). These subgroups are of concern because their canopy decline is similar to that of 
classic Australian dieback as found in group A sites. 
Categorisation of the smallest and largest Tuart was less successful due to the 
low number of Tuart and high variance in analysis, but similar canopy condition 
groups to that of analysis of all Tuart were found. However, the large Tuart size 
category had greater canopy height reduction, which concurs with other studies that 
report that in larger/more mature Tuart, stag-headed canopy decline is dominant (Fox, 
1981; Fox & Curry, 1980; Fox & Dunlop, 1984; Meney, 1986). Large Tuart 
categorisation suggested three main groups, group C of 'moderate decline or healthy', 
as well as groups A and B, both of 'severe canopy decline or dieback affected' (Podger 
et al., 1980; UN ECE, 1998a, b). These categories of canopy condition roughly 
translate to those suggested for categorisation of all Tuart. 
Small Tuart categorisation suggested two main groups, group B of 'severe 
canopy decline or severely dieback affected', and group C of 'moderate or severely 
dieback affected' (Podger et al. , 1980; UN ECE, 1998a, b). The categorisation of small 
Tuart indicates canopy decline is greater across the entire species distribution in 
smaller trees. This is possibly a result of a number of processes associated with smaller 
Tuart including greater resource competition, higher insect attack and less fire 
resistance (Florence, 1996; Fox & Curry, 1980). 
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Spatial patterns of canopy condition categories were investigated for all Tuart, 
as well as the largest and smallest Tuart. Generally, severe canopy decline was found 
to be restricted to the Y algorup region (group A), however, a number of other sites 
with considerable canopy decline were found in other areas (group B 1 and B2). 
Analysis of the largest and smallest Tuart found most severe canopy decline also in the 
Yalgorup region, but also considerable canopy decline in other regions. 
3.5.4.1 All Tuart 
Group A. Severe canopy decline sites (group A) were exclusively in the 
Yalgorup region. All canopy condition measures suggested these sites were of 
significantly greater canopy decline than the rest of the Tuart distribution. This 
suggests a serious conservation problem exists in these sites. Previous studies have 
reported severe canopy decline is occurring predominantly in the Yalgorup region 
(DCLM, 2002; Longman & Keighery, 2002; Mitchell, 2002; Mitchell & Harvey, 
2000). Subgroups of group A sites (Al and A2) seem to show the epicentre of severe 
canopy decline, located at latitude 32.87 north and longitude 115.69 south (Coronation 
Road terminus to Old Coast Road). This may indicate that the canopy decline is caused 
by a contagious element (Podger, 1980a). Many hypothesised causes for the Yalgorup 
region canopy decline have been suggested and will be discussed in Chapter 4 
(Bradshaw, 2000; DCLM, 2002; Longman & Keighery, 2002; Ward, 2000a, b). 
Group B. The majority of the Tuart distribution formed group B, and a number 
of subgroups, B l  and B2 and a large subgroup B3. The large subgroup, subgroup B3 
was formed from the majority of sites from across the Tuart distribution. These sites 
are considered to be of 'slight or canopy dieback affected' , and probably represent 
background level canopy decline as previously discussed. 
Subgroups Bl and B2 are considered sites of 'moderate or advanced dieback' 
and are of some concern to Tuart conservation. Subgroups B 1 and B3 were found to be 
formed from three sites, one in Ludlow State Forest, one in Y ellagonga Regional Park 
and one in Neerabup National Park. These sites' canopy decline is probably no 
different from the numerous localised canopy decline events observed in the past 
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(Beard, 1967; Fox & Curry, 1980; Longman & Keighery, 2002; Ward, 2000b), 
therefore only if symptoms persist and spread should they be of concern. The moderate 
canopy decline in the Ludlow site could also be a result of over maturity or localised 
stand susceptibility (Florence, 1996; Heatwole & Lowman, 1986). Ludlow national 
Park is known to have over mature Tuart with reduced regeneration (Black, 1997). 
Localised stand susceptibility is suggested because the site is part of a former Tuart 
plantation. Plantation eucalypts, although not Tuart, have been subject to canopy 
decline events through stress brought about by unnaturally high stocking densities of 
even age (Dell et al. , 2001; Florence, 1996; Jurkis & Turner, 2002). The two moderate 
canopy decline sites, one in Y ellagonga Regional Park and the other in nearby 
Neerabup National Park, may be a result of the relatively recent urbanisation in the 
region. Urbanisation has been associated with localised Tuart canopy decline in the 
past through edge effects, exotic flora invasions and increased fire frequency (Beard, 
1967; Fox, 1981; Fox & Curry, 1980; Fox & Majer, 1980; WAIT, 1981). Yellagonga 
Regional Park is also known to have high fire frequency and considerable exotic 
invasions (Bowra et al. , 2000). 
3.5.4.2 Smallest and largest Tuart 
Sites categorised using the smallest five and largest five Tuart portrayed similar 
spatial patterns to that of using all Tuart. Canopy decline was greatest in the Y algorup 
region, which suggests canopy decline in this region is not size-class specific. This 
finding agrees with a number of other studies that suggest severe canopy decline in the 
Yalgorup region is not size-class specific (Longman & Keighery, 2002; TRG, 2002). 
In other areas of the Tuart distribution there were slight differences in spatial 
distribution of canopy condition groups, dependent on the size class analysed. 
Large Tuart reflected similar patterns to that of all Tuart, except there was a 
further site in the Yalgorup region and Ludlow region found to be of 'severe canopy 
decline or dieback affected'. The greater decline of large Tuart in the Ludlow region 
supports the theory that over-maturity may be causing canopy decline in the region 
(Black, 1997). Canopy completeness levels for larger Tuart were also significantly 
lower in the Ludlow region than elsewhere ( excluding the Yalgorup region). 
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The spatial distribution of small Tuart canopy condition suggest greater canopy 
decline in the northern suburbs. A number of sites in the northern metropolitan region 
were considered to have 'severe canopy decline or to be severely dieback affected' .  
This may be due to a number of processes affecting small Tuart, including lower 
resistance to borers, rabbit grazing, frequent fire, as well as resource competition (Fox, 
1981; Fox & Curry, 1980; Meney & Fox, 1986). 
3.5.5 Observations of Canopy Decline Architecture 
Measures of canopy condition found canopy width reduction (-15 percent) was 
greater throughout the distribution than canopy height reduction (-8 percent), with little 
difference observed between size classes. Greater width reduction in canopies across 
the Tuart distribution was not anticipated since the common characteristic of Tuart 
canopy decline is of stag-headed trees (Fox & Curry, 1980). High canopy width 
reduction might be explained by growth habits of eucalypts, for example in stands the 
sides of canopies decline because of competition from neighbouring trees. Canopy 
completeness was also a dominant form of Tuart canopy decline through the Tuart 
distribution (-70 percent). Defoliation of eucalypts is a common response to 
environmental stresses, and is a good indicator of decline and tree mortality (Podger, 
1980a). 
Other forms of canopy decline observed across the Tuart distribution are 
described in Table 3.11. The two most dominant forms of canopy decline observed, 
although not necessarily the most threatening, were 'natural age' and 'limb loss' 
canopy decline (Table 3.11). 'Natural age' or 'over maturity' canopy decline is 
characterised by gradual loss of branches and deterioration in canopy condition 
(Florence, 1996; Heatwole & Lowman, 1986). Canopy decline was observed in mostly 
mature to overmature Tuart in urban areas of the distribution as well as Ludlow Park. 
'Natural limb loss' canopy decline was observed in Tuart across the distribution and is 
likened to Phoracantha semipunctata (Longicorn borer) attack, which lay eggs in 
boles or major branches causing ringbarking and limb loss (Florence, 1996; Fox, 
1981). 
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Table 3.11 - Canopy decline types of individual trees determined by field 
observations 
Decline type 
Limb defoliation 
Defoliation 
Isolation 
Edge (exposure) 
Stag head (classic) 
Competition 
Epicormic 
Natural/age 
Natural limb loss 
Description 
Canopy decline restricted to certain limbs/parts only. 
Canopy defoliation and limb loss. No gradual defoliation or receding canopy like classic dieback. 
Isolated Tuarts canopy condition declines in structure and slowly defoliates. 
Greater decline on edge of Tuart canopy. Usual on exposed edges of cleared woodland. For example 
Tuart running along Ludlow road. 
Described by Fox and Curry (1 980) and Beard ( 1967). Tuart defoliate away from branch tips, receding 
canopies leave stag headed appearance. 
Shape of Tuart canopy and bole suggest domination by other species/Tuart. Long and thin canopy. 
Usually occurring in a stand of high density Tuart. 
Secondary canopy decline, epicormic foliage dies rapidly and grows back. Appears to occur in waves 
and possibly decreases with intensity until Tuart appears dead. 
Mature Tuarts appear to decline limb by limb, and have the ability to sprout epicormic foliage. Whole 
boles and branches may die, but the tree can survive. 
Loss of lower limbs, as higher and newer branches surpass them. Appears to be a natural growth 
characteristic of Tuart. 
3.5.6 Study Limitation 
There are a number of limitations that should be recognised and 
recommendations for future Tuart canopy decline research. 
Site selection was perhaps the first area of concern due to the lack of a detailed 
Tuart distribution map, access restrictions and time constraints. Most study sites were 
in DLCM or state vested lands, with few under private management. Future research 
should take advantage of recent advances in Tuart mapping, including the Tuart Atlas 
(TRG, 2003), and attempt to establish more study sites on private land. This is 
especially important since much of the Tuart distribution is on private land. There is 
also the recommendation that future studies use an increased number of assessment 
plots, because of the high variation in Tuart canopy condition observed over short 
distances. 
The second limitation of this study is with the use of canopy condition 
assessment, that is, that visual assessment methods are considered by some studies to 
be difficult to standardise and compare with other studies due to their subjectivity 
(Stone et al. ,  2001). It is therefore recommended that future studies (where funding 
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permits) use other methods of assessment, such as remote sensing that has proved 
successful in the study of environmental correlates and canopy decline in Olney State 
Forest north of Sydney (Stone et al. , 2001). 
The third limitation of this study was because of time constraints that meant 
long-term and temporal canopy condition monitoring was not possible. Tuart and other 
eucalypts canopy decline has been observed to occur in seasonal periods and alter over 
time (Florence, 1981; Jacobs, 1955; Longman & Keighery, 2002). Temporal changes 
in canopy decline can even last centuries, for example the canopy decline of T. 
canadensis (Eastern hemlock) in North America is associated with the same herbivores 
and pathogens that caused canopy decline during the mid-Holocene (4910 ± 90 to 
4200 ± 100 years BP) (Bhiry & Filion, 1996). Temporal scale investigation over 
decades or even centuries could be determined by palaeontology (Bhiry & Filion, 
1996), dendroecology (Eisenhart & Veblen, 200) and long-term monitoring (Reid and 
Landsberg, 1999). However, identifying the underlying causes of canopy decline may 
still not be clear. 
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CHAPTER FOUR 
TUART CANOPY CONDITION AND ENVIRONMENTAL 
CORRELATES 
"A woodland in full color is awesome as a forest fire, in magnitude at Least, but a single 
tree is like a dancing tongue of flame to warm the heart. " 
Borland ( 1 964) 
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4.1 Introduction 
Numerous hypotheses have been proposed to explain Tuart canopy decline 
across its distribution and the more recent decline in the Yalgorup region (Longman 
& Keighery, 2002). The cause of this canopy decline is thought to be a complex 
synergism of environmental factors which is little understood (Longman & Keighery, 
2002; TRG, 2002). In order to facilitate future diagnosis of canopy decline 
appropriate research is required to eliminate environmental factors not associated 
with canopy decline, as well as to suggest hypotheses for those environmental factors 
that are (Longman & Keighery, 2002; Podger, 1980b; Reid & Landsberg, 1999). 
This chapter uses the canopy condition assessment data from the previous chapter to 
identify environmental factors correlated or associated with canopy decline. This 
chapter is concerned with the following objectives: 
i. Reviewing environmental factors likely to be associated with Tuart 
canopy decline; 
ii. Identifying correlations and associations between environmental factors 
and canopy condition; 
iii. Formulating hypotheses for the cause of Tuart canopy decline. 
4.1.1 Environmental Factors Associated with Canopy Decline 
This chapter presents a broad review of environmental factors associated with 
the canopy decline of Tuart and other species. This was important because this is the 
first study in a series of collaborative studies investigating Tuart canopy decline 
(TRG, 2002). A review of potential causes of canopy decline events was also 
required to select environmental factors to investigate in this study. Previous to this 
study there has been no comprehensive review of the possible causes of Tuart canopy 
decline across the entire distribution. 
Canopy decline events can be caused by numerous environmental factors 
(Heatwole & Lowman, 1986; Old et al. ,  1980). Therefore scientists have attempted 
to explain canopy decline using conceptual models. Jurkis and Turner (2002) suggest 
a model to explain canopy decline in Eastern Australia. They propose that land 
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management changes can cause environmental changes and feedback mechanisms 
that may aggregate canopy decline. Another model has been adopted by the Tuart 
Response Group (TRG, 2002) to explain Tuart canopy decline. It is based on a model 
of eucalypt forest functioning developed by Landsberg (1986). The model limits 
causes of canopy decline to drought, salinity, fire, insects and pathogen attack (TRG, 
2002). Therefore a model specific to Tuart canopy decline has been developed for 
this study (Figure 4.1). 
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Figure 4.1 - Conceptual model proposed to explain the complexity of Tuart 
canopy decline. 
The model suggest that there are two types of environmental factors 
associated with canopy decline, those that change environmental condition causing 
canopy decline, and those that influence site susceptibility to canopy decline. Causes 
of canopy decline events can be split into three groups; these are abiotic, biotic and 
anthropogenic factors. Environmental factors can act alone, or in synergism, either 
with or without anthropogenic influence to cause canopy decline (Figure 4.1). 
Catastrophic shifts in ecosystems can also occur when a threshold of an ecosystem is 
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reached (Scheffer et al. , 2001). A threshold of an ecosystem is a critical point, at 
which a shift to an alternative environmental state can occur, in this model this is to 
canopy decline (Scheffer & Carpenter, 2003; Scheffer et al. , 2001). There is also the 
possibility of feedback mechanisms, where changes to canopy condition can result in 
further changes in environmental conditions, leading to increased canopy decline 
(Scheffer et al. , 2001). 
4.1.2 Abiotic Environmental Factors 
4.1.2.1 Landform 
The term landform is used in this study to cover geography, topography, 
geology and soil properties. These environmental factors have been implicated in 
Tuart (Gibson et al, 2002; Longman & Keighery, 2002; Ruthrof, 1997), and other 
species canopy decline (Drohan et al. , 2002; Horsley et al. , 2000; Moore, 1961; 
Raison, 1980; Reid & Landsberg, 1999). 
Geography, topography and geology. Geography (location), topography 
(elevation, aspect and slope) and geology (dune, geology and soil association) have 
been associated with Tuart and other species canopy decline (Table 4.1). These 
factors influence the inherent susceptibility of sites to canopy decline, by facilitating 
or failing to prevent the effects of changes in other environmental factors. 
Table 4.1 - Examples of where topography and geology factors have been 
associated with canopy decline. 
Factors Examples 
Elevation High elevation has been associated with canopy decline of Acer saccharum in Pennsylvania 
(North America), this is due to soil and air temperature extremes at high elevations (Drohan 
et al. , 2002). Low elevations have been associated with lower fire frequencies, causing 
canopy decline in Victorian eucalypt forests (Neumann et al., 1980). 
Aspect Rural canopy decline in New England (NSW) has been associated with north-easterly sites 
(Mackay et al., 1 984). More severe frost and drought found on north-easterly sites is thought 
to be the cause, because north-easterly sites dry faster, have high photo-inhibition and low 
soil moisture (Egerton, 1996; Reid & Landsberg, 1999). Aspects influence on climate can 
also alter stand structure (Pook & Moore, 1966). 
Slope Rural canopy decline has been associated with severe depressions probably due to 
waterlogging (Mackay et al. , 1984). 
Soil Shallow bedrock and topsoil has been associated with Sydney blue gum (Eucalyptus saligna) 
associations canopy decline (Moore, 1961). 
Dune type Poor Tuart canopy condition has been associated with the Quindalup dune system in the past 
(Powell & Emberson, 198 1 ). 
Soil depth Eucalyptus saligna canopy decline was associated with shallow bedrock and topsoil (Moore, 
1961) . 
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Soil properties. Soil nutrient enrichment and deficiency, as well as soil textures 
and salinity, have been associated with the canopy decline of Tuart and other species 
(Longman & Keighery, 2002; Reid & Landsberg, 1999). 
Nutrients have the ability to cause canopy decline through both deficiency 
and excess (Heatwole & Lowman, 1986). Nutrient deficiency causes plant disorders, 
because nutrients are important for plant growth and functioning (Dell et al. ,  2001). 
Phosphorus, nitrogen and manganese are probably the most critical nutrients for 
forest growth, especially in Symphyomyrtus species (Attiwill & Adams, 1993; Hill et 
al. , 2001). Nutrient deficiency can result from a number of processes, including: loss 
of inputs, altered fire regimes, high leaching of nutrients, immobilisation of nutrients, 
inhibition of decomposition and mineralisation (Attiwill & Adams, 1993; Florence, 
1996; Keith, 1997; Raison, 1980; Raison et al. ,  1993). Nutrient deficiency has been 
associated with the canopy decline of other species, for example in Eucalyptus 
camaldulensis (River Red Gum) (Podger, 1973). However, in Tuart nutrient 
deficiency associated canopy decline has only been associated with artificial 
plantings (Karschon, 1963; Karschon & Hagin, 1963; Ruthrof, 1997). 
Nutrient enrichment has been hypothesised as a cause of the canopy decline 
of Tuart (Longman & Keighery, 2002), and that of numerous other species 
(Heatwole & Lowman, 1986; Jurkis & Turner, 2002; Landsberg, 1990a, b, c; 
Landsberg & Gillieson, 1995; Landsberg & Wylie, 1983). Nutrient enrichment can 
result from many processes, such as altered fire regimes and through deposition from 
surrounding land (wind and runoff) (Attiwill & Adams, 1993; Hester & Hobbs, 
1992; Landsberg, 1990a, b, c; Landsberg & Gillieson, 1995; Landsberg & Wylie, 
1983; Longman & Keighery, 2002; Raison, 1980; Smith & Smith, 1990). Nutrient 
enrichment can cause canopy decline by promoting increased nitrogen and 
phosphorus uptake in eucalypts (Heatwole & Lowman, 1986). This has been found 
to cause increased foliage nutrient levels (mainly nitrogen and sugars), favouring 
greater herbivory (Landsberg, 1987; 1988; 1990a, b, c; Landsberg & Wylie, 1983; 
Reid & Landsberg, 1999). This herbivory can induce the growth of nutrient rich 
epicormic foliage, consequentially favouring herbivory (Landsberg & Wylie, 1983). 
Hence a downward cycle of canopy decline can occur often leading to tree death 
(Landsberg & Wylie, 1983). 
- 84 -
Environmental Correlates and Tuart Decline 
Chapter 4. 
Certain soil textures have also been associated with canopy decline events 
(Drohan et al. , 2002; Jurkis, 2000; MacGregor & O'Connor, 2002). For example fine 
textures soils have been associated with Colophospermum mopane canopy decline in 
South Africa (MacGregor & O'Connor, 2002). Soil structures can influence soil 
moisture, drainage and rooting of vegetation (Moore, 1961; Reid & Landsberg, 
1999). The soils of the Tuart distribution are sandy (Fox & Curry, 1980; Gibson et 
al. ,  2002) and therefore unlikely to have drainage problems, but the moisture holding 
capacity of soils might be important. Low soil moisture holding capacity has been 
associated with the canopy decline of Acer saccharum in North America and 
Eucaltpyus pauciflora forests in Australia (Drohan et al. , 2002; Jurkis, 2000). 
Currently 60 percent of Australian soils are salt affected, with dry and 
irrigated land salinity affecting 2.5 million hectares of land (NRMA, 2001). 
Increasing levels of soil salinity have been associated with a number of tree species 
canopy decline (Heatwole & Lowman, 1986). Increasing soil salinity can result from 
a number of processes, such as from groundwater changes or runoff from 
surrounding lands (Heatwole & Lowman, 1986). Soil salinity can affect understorey 
composition, soil fertility and can lead to reduced growth, patches of dead foliage 
and ultimately death of eucalypts (Heatwole & Lowman, 1986; Sands, 1986). Deaths 
may be direct by way of salt induced drought, toxic accumulation, or secondary 
affects such as lowered frost resistance (Florence, 1996; Stirzaker et al., 2002). The 
affect of salinity depends on many factors, including: species tolerance, soil aeration, 
salt chemistry, tree age and climatic stress (Heatwole & Lowman, 1986; Marcar et 
al., 2002; Pepper & Craig, 1986). Numerous other examples of canopy decline have 
been associated with increasing soil salinity across Australia, with up to 450 known 
species of flora are at risk from salinity (CSIRO, 2001; Heatwole & Lowman, 1986; 
Kimber, 1980; NRMA, 2001; Old et al. ,  1980). Despite this, Tuart is recognised as 
having a reasonably high level of salt tolerance (Bulman, 1995; Morris, 1980; 
Turnbull & Pryor, 1984). 
In summary, landform factors provide an indication of underlying 
susceptibility of Tuart to canopy decline, and in some cases can cause the canopy 
decline. 
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Fire can rapidly change functional and structural aspects of vegetation 
(Hopkins & Robinson, 1981 ). Fire is a dominant instrument of disturbance in 
indigenous Australian forests and an important force behind the evolution of the 
eucalypts (Gill, 1981; 1997; Hogg & Kirkpatrick, 1974). 
Fire facilitates recruitment and establishment of Tuart saplings (Fox & Curry, 
1980; Keene & Cracknell, 1972; Powell & Emberson, 1981; Ruthrof, 2001; Ward, 
2000b ). Fire causes the mass release of seeds from Tuart canopies similar to that 
observed in other eucalypts (Fox & Curry, 1980; Keene & Cracknell, 1972; Li et al., 
2002; O'Dowd & Gill, 1984; Ruthrof, 2001; Ward, 2000b; Wellington & Noble, 
1985). Furthermore, fire creates safe sites for germination by: creating ashbeds; 
releasing nutrients held in litter; sterilising the soil; eliminating competing species 
and creating canopy gaps (Abbott et al. ,  2002; Curry, 1975; Fox & Curry, 1980; 
Heatwole & Lowman, 1986; Hester & Hobbs, 1992; House, 1997; Kay, 1985; Keene 
& Cracknell, 1972; O'Dowd & Gill, 1984; Radho-Toly et al., 2001; Raison, 1980; 
Ward, 2000b; Wellington & Noble, 1985). Despite this, fire can cause canopy 
decline by destroying trees outright, by changing aspects of the understorey, or 
through predisposing trees to secondary attack (Gill, 1981; Heatwole & Lowman, 
1986; Ruthrof et al. ,  2002). 
Too frequent and low intensity fires can contribute to cause Tuart canopy 
decline by preventing recruitment, through killing intolerant saplings or not allowing 
sufficient build-up of fuel for the creation of ashbeds (Fox, 1981; Longman & 
Keighery, 2002). Too frequent and low intensity fires can also cause damage to 
mature trees, (predisposing such trees to secondary attack) and altering community 
composition (facilitating exotic flora invasions) (Beard, 1967; Bell et al., 1992; Fox, 
1981; Longman & Keighery, 2002; Main & Serventy, 1957; Piggot, 1994; Piggot & 
Loneragan, 1995; Ruthrof et al., 2002). High fire frequency in Kings Park (City of 
Perth) has been associated with Tuart canopy decline by increasing nutrient release 
from litter, resulting in increased nutrient uptake and subsequent insect herbivory, 
and through increasing the dominance of Allocasuarina species that are more fire 
tolerant and water competitive (Beard, 1967; Bell et al., 1992; Main & Serventy, 
1957; Radho-Toly et al. ,  2001). High fire frequency can result from arson and bum­
off, and can be worsened by the presence of flammable weeds (Fox, 1981). The 
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presence of weeds is a problem throughout much of the urban Tuart distribution, and 
has been associated with Tuart canopy decline, such as in Bold Park (Fox, 1981; Fox 
& Curry, 1980) and Star Swamp (both in Perth' s northern suburbs) (Piggot, 1994; 
Piggot & Loneragan, 1995; Ruthrof et al. , 2002). 
Too infrequent and high intensity fires, due to fire exclusion policies and 
fuelled by greater litter accumulation have also been associated with the canopy 
decline of Tuart (Longman & Keighery, 2002; McCaw, 2002), as well as other 
species (Ellis & Pennington, 1992; Jurkis, 2000; Jurkis & Turner, 2002; Smith & 
Smith, 1990; Tiedemann et al. , 2000). These fires can alter understorey composition, 
which in tum increase competition for resources for trees and saplings, as well as 
damaging tree boles and canopies (Bradshaw, 2000; Longman & Keighery, 2002; 
McCaw, 2002; Podger, 1973; Ward, 2000a, b; Wellington & Noble, 1985). Canopy 
damage itself can promote further exotic flora invasion, suppressing natives 
recruitment and fuelling more intensive fires (Fox & Curry, 1980; Hobbs & Atkins, 
1991). In Yanchep National Park and a number of metropolitan reserves infrequent 
and high intensity fires have been associated with unexplained deaths and stag 
headed Tuart (DCLM, 1991; Fox & Curry, 1980). 
Infrequent and high intensity fires have also been hypothesised to cause Tuart 
canopy decline and low recruitment in Yalgorup National Park by increasing the 
dominance of dense stands of Agonis flexuosa that out-compete Tuart (Bradshaw, 
2000; Burrows, 1988; Keene & Cracknell, 1972; Ward, 2000a, b). Yalgorup National 
Park has had a fire exclusion policy since its formation in 1968, whereas prior to 
European settlement it was exposed to fires every two to four years through Noongar 
Aboriginal burning (Bradshaw, 2000; Ward, 2000a, b). Longman and Keighery 
(2002) state such a hypothesis is incorrect, pointing out: i) canopy decline affects all 
understorey types; ii) A. flexuosa occurs commonly with Tuart; iii) A. flexuosa is not 
favoured by absence of fire; and iv) neither species is known to compete for 
resources. Low frequency fire has been associated with invasions of native species 
enhancing canopy decline in other species, for example Allocasuarina huegeliana 
(Rock Shoeak) in the wheatbelt and Banksia grandis in the Eucalyptus marginata 
forests of Western Australia (Ward, 2000a, b). 
In summary, fire can cause canopy decline because of its importance in 
influencing the structure and functioning of Tuart communities . However, no 
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previous study has considered the relationships between fire regimes and Tuart 
canopy condition across the entire species distribution. 
4.1.2.3 Climatic condition 
Many canopy decline events have been associated with particular climatic 
conditions (Shea et al., 1984; Shearer, 1994). This is because climate influences 
species susceptibility to canopy decline (Busby, 1986; Florence, 1996). For example 
a number of pathogens are associated with high rainfall areas (Rhoadesa et al. ,  2003; 
Stadena et al., 2004), including the pathogen Phytophthora cinnamomi that causes E. 
marginata canopy decline (Davison, 1994; Florence, 1996; Shearer, 1994 ). However, 
it is climate change and unfavourable climatic events that are more commonly 
associated with canopy decline events, of Tuart and other species (Heatwole & 
Lowman, 1986; Longman & Keighery, 2002; Old et al. ,  1980). 
Changes to climatic condition have been associated with the canopy decline 
of a number of species (Reid & Landsberg, 1999). Global warming resulting from 
the enhanced greenhouse effect is suggested to have caused climate change across 
southwest Western Australian since the middle of the 201h century (IOCI, 2002). This 
includes a reduction in early winter rainfall, as well as higher temperatures and 
evaporation rates (Davidson, 1995; IOCI, 2002). These climate changes can cause 
canopy decline because Eucalyptus species tend to grow within narrow climatic 
ranges (Hughes, 2003; Hughes et al. ,  1996a, b; Pryor & Johnson, 1981). For example 
Hughes et al (1996b) suggests of 819 Eucalyptus species tested, 53 percent grow 
within a 3°C range of the mean annual temperatures, and 23 percent grow within only 
20 percent of rainfall variation. Therefore the severity and distribution of canopy 
decline events is expected to increase with further climate changes, although little is 
known of the ability of forests to adapt (Ayres & Lombardero, 2000; Saxe, 2001). 
Global warming has also increased the frequency of the El Nino Southern 
Oscillation (ENSO) system. The ENSO system is a natural climatic cycle that 
influences the climate across Australia (Hughes, 2003; IOCI, 2002). This increasing 
frequency of ENSO has increased the frequency and intensity of unfavourable 
climatic events (Longman & Keighery, 2002; Reid & Landsberg, 1999). 
Unfavourable climatic events can kill trees directly or predispose them to insect or 
pathogen attack (Heatwole & Lowman, 1986; Reid & Landsberg, 1999). 
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Unfavourable climatic conditions associated with canopy decline events include 
drought, frost, lightening and flooding (Ashton, 1958; Fensham & Holman, 1999; 
Florence, 1996; Karschon, 1963; Landsberg, 1985; Landsberg & Wylie, 1983; 
Podger, 1980b; Reid & Landsberg, 1999). 
Drought has been associated with Tuart canopy decline across the species 
distribution (Longman & Keighery, 2002), as well as in overseas plantations since 
the beginning of last century (Karschon, 1963). The effects of drought are worsened 
by the increasing frequency of ENSO events brought about by global warming 
(Hughes, 2003). ENSO related drought events have been associated with Tuart 
canopy decline during 1939, 1974/7, 1984/7 and 1991/4 (Fox & Curry, 1980; 
Longman & Keighery, 2002; Mitchell, 2002), as well as the canopy decline of other 
species across Australia (Fensham & Holman, 1999). 
Drought can cause canopy decline directly by water starvation (wilting, 
chlorosis and foliage loss, leading to death), or indirectly by stressing trees, 
predisposing them to secondary attack (Cowan, 1981; Heatwole & Lowman, 1986; 
Landsberg, 1985; Podger, 1980b). Water stress is known for example to cause 
increased herbivory by Phoracantha semipunctata, a species associated with Tuart 
(Heatwole & Lowman, 1986; Landsberg & Wylie, 1983; Longman & Keighery, 
2002). Drought has been associated with the canopy decline of many other species; 
including, Eucalyptus delegatensis, Eucalyptus saligna and A. saccharum (Drohan et 
al. ,  2002; Landsberg, 1985 ; Landsberg & Wylie, 1983; Podger, 1980b; Stone, 1996). 
However, the prominence of drought as a cause of canopy decline in Australia is 
considered by some to be overstated (Fensham & Holman, 1999; Podger, 1980b; 
Reid & Landsberg, 1999). 
Waterlogging and the fluctuation between drought and flooding has also been 
hypothesised to cause canopy decline of Tuart (Longman & Keighery, 2002) and 
other species (Heatwole & Lowman, 1986; White, 1969; Wylie & Bevege, 1980). 
Waterlogging can cause canopy decline directly by suffocation, or indirectly by 
stressing trees, predisposing them to secondary attack (Heatwole & Lowman, 1986; 
Longman & Keighery, 2002). Some notable examples include: the canopy decline of 
Eucalyptus nova-anglica (New England Peppermint) after heavy rains in New South 
Wales (Reid & Landsberg, 1999); eucalypt mortality after flooding in Brisbane in 
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1973/4 (Wylie & Bevege, 1980); and waterlogging induced insect herbivory in 
Eucalyptus fasciculosa (Pink gum) (White, 1969). 
Frost has also been implicated in causing Tuart canopy decline, with a large 
frost observed in 1997, just prior to canopy decline in the Yalgorup region (DCLM, 
2002; Longman & Keighery, 2002). Frost can burn foliage, damage and stress trees, 
facilitating pathogen and insect attack (Longman & Keighery, 2002; Thomson et al. ,  
2001). There is  no known research on frost resistance in Tuart, although studies in 
other species suggest frost resistance varies across species distribution (Ashton, 
1958). Therefore differences in resistance to frost in different areas of the Tuart 
distribution might explain the spatial distribution of the canopy decline. 
In summary, climatic gradients, climate change and increasing frequency and 
intensity of unfavourable climatic events do have the ability to cause Tuart canopy 
decline. Despite this, little research into climatic conditions and their association with 
canopy decline events across the Tuart distribution has been undertaken. 
4.1.2.4 Changing hydrology 
Hydrological changes associated with climate change and urbanisation of the 
Swan Coastal Plain have occurred across the Tuart distribution (George et al., 1995; 
IOCI, 2002). Hypotheses suggest these hydrological changes could be causing Tuart 
canopy decline (Longman & Keighery, 2002; Mitchell, 2002; TRG, 2002). 
In some regions of the Tuart distribution there is likely to be a decreasing 
depth to groundwater resulting from the clearing of native vegetation (George et al., 
1995). Decreasing depth to groundwater can cause waterlogging (suffocating roots), 
dryland salinity and increased runoff of water, nutrients, salt and sediment from 
surrounding lands (George et al. ,  1995; Heatwole & Lowman, 1986; Longman & 
Keighery, 2002). Waterlogging has been associated with the canopy decline of a 
number of species (Heatwole & Lowman, 1986; Jurkis & Turner, 2002; Longman & 
Keighery, 2002), however, Tuart is suggested as having some tolerance to 
waterlogging (DAWA, 2003b). 
Perhaps more likely across the Tuart distribution is increasing depth to 
groundwater resulting from groundwater extraction (for plantations, horticulture, 
domestic and industrial supplies) and declining rainfall across the southwest (Dodd 
& Heddle, 1989; George et al. ,  1995; IOCI, 2002; Kite & Webster, 1989; Longman 
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& Keighery, 2002). Perth, for example, gets 75 percent of its water requirements 
from groundwater sources (Davidson, 1995). Increasing depth to groundwater can 
cause drought, which has been associated with the canopy decline of Tuart 
(Longman & Keighery, 2002) and other species (Davidson, 1995; Davis et al., 2002; 
Dodd & Heddle, 1989; Heatwole & Lowman, 1986; Kite & Webster, 1989; Maitre et 
al. , 1999; Podger, 1980b). For example, the canopy decline of Banksia species has 
been associated with falling groundwater levels across the Swan Coastal Plain 
(Groom et al., 2001; Groom et al., 2000; Zenchich et al. , 2002). However, Tuart 
does have some tolerance to drought with roots observed to grow down to deep 
groundwater sources (<30 m) (Jasinska & Tholen, 2003; Lamont & Lange, 1976; 
OSL, 2001). 
Rapid changes in groundwater can also cause canopy decline due to the stress 
and energy expenditure required for trees to respond to fluctuations in depth 
(Longman & Keighery, 2002). This is because tree root systems are often established 
in their young years, and although they can respond to changes in groundwater depth 
any long-term or rapid changes can cause stress (Eldridge et al. , 1993). Groundwater 
changes can also alter other aspects of ecosystems that cause canopy decline, for 
example understorey competition can be increased through groundwater fluctuations 
favouring exotic flora invasions (Perez-Fernandez et al., 2000). 
Groundwater chemistry changes have also been associated with Tuart canopy 
decline (Lindsay, 2002; Longman & Keighery, 2002; Mitchell, 2002). This is 
because groundwater chemistry can affect vegetation by altering water availability 
and soil nutrient conditions (Klijn & Witte, 1999). The main groundwater chemistry 
changes that have been associated with canopy decline events are pollution, 
alkalinity and salinity changes (Bell & Williams, 1997; Davidson, 1995; Heatwole & 
Lowman, 1986; Longman & Keighery, 2002; Morris, 2003). Increasing salinity is 
probably the greatest threat to Tuart, resulting from: coastal saline intrusion, 
irrigation, rising groundwater, runoff from surrounding land and engineering works 
(Commander, 1983; George et al. , 1995). Engineering works hypothesised to be 
associated with Tuart canopy decline include the Dawesville cut, an artificial channel 
cut into the Peel-Harvey estuary just north of the severe canopy decline in the 
Yalgorup region (Longman & Keighery, 2002; WRC, 1996). Low transmissibility of 
limestone in the region is suggested to buffer the nearby Tuart from groundwater 
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changes (Commander, 1988; 2002; Longman & Keighery, 2002). However, canopy 
decline of trees around the Peel estuary has been reported and associated with 
salinity changes resulting from the Dawesville cut (Gibson, 2001). The recent canopy 
decline in the Yalgorup region is also in an area where a hypersaline aquifer is 
overlain by a rain fed freshwater lens (Commander, 1988). Subtle changes to the 
chemistry of the freshwater lens could be causing Tuart canopy decline through 
drought or salinity stress, possibly predisposing trees to secondary attack (Longman 
& Keighery, 2002; Mitchell, 2002). Despite this, Tuart can tolerate relatively high 
alkalinity and salinity (Bulman, 1995; Morris, 1980; Turnbull & Pryor, 1984). 
To summarise, Tuart canopy decline could be associated with groundwater 
depth and chemistry changes, although there is evidence to suggest some resistance 
to such a condition. Unfortunately there have been no previous detailed studies that 
have investigated canopy decline and its association with groundwater factors across 
the entire Tuart distribution. 
4.1.3 Biotic Environmental Factors 
4.1.3.1 Community composition 
Changes to community composition can cause canopy decline through a 
number of processes. This includes: altering competition for resources (water, 
nutrients and light); fire regimes; herbivore/pathogen populations; and inherent 
susceptibility of stands (tree age and size) (Florence, 1996; Jurkis, 2000; Jurkis & 
Turner, 2002; Maitre et al. , 2002; Stone, 1999). These changes to community 
composition can result from a number of processes, such as exotic flora invasion, 
nutrient availability changes, hydrological changes, failure to self thin, altered fire 
regimes and anthropogenic disturbance (Florence, 1996; Jurkis, 2000; Jurkis & 
Turner, 2002). Canopy decline can also alter the understorey composition (for 
example increase exotic invasions), initiating feedbacks that can further facilitate 
decline (Beard, 1967; Fox, 1981; Fox & Curry, 1980; Main & Serventy, 1957; 
Piggot, 1994; Piggot & Loneragan, 1995). 
Alterations to community composition causing increased competition have 
been hypothesised as a cause of canopy decline in Tuart (Bradshaw, 2000; Keene & 
Cracknell, 1972; Ruthrof, 2001; Ward, 2000a, b) and other species (Florence, 1996). 
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Trees compete for resources above ground (light, carbon dioxide, heat and space), 
below ground (water, nutrients, space and air) and against allelopathy (toxic exudates 
from other species) (Florence, 1996). Both native and exotic species competing with 
Tuart have been associated with canopy decline, such as native A. flexuosa and 
exotic Eucalyptus cladocalyx (Bradshaw, 2000; Keene & Cracknell, 1972; Ruthrof, 
2001; Ward, 2000a, b). In other species increased competition has been associated 
with canopy decline, for example Eucalyptus obliqua (Stringybark) canopy decline 
in south-eastern Tasmania has been attributed to overstocked, equal-aged, regrowth 
stands reaching peak demand for nutrients following a failure to self thin (Florence, 
1996). 
Canopy decline can also result from community composition changes 
creating flammable understoreys (Jurkis, 2000; Jurkis & Turner, 2002). The invasion 
of environmental weeds in Tuart communities has been hypothesised to fuel more 
intensive fires, causing canopy damage, which predisposes trees to secondary attack 
(Beard, 1967; Fox, 1981; Fox & Curry, 1980; Main & Serventy, 1957; Meney, 1986; 
Piggot, 1994; Piggot & Loneragan, 1995; Ruthrof, 2001). This canopy damage can 
also facilitate further environmental weed invasion (Beard, 1967). Environmental 
weeds themselves can alter biodiversity, structure and functioning of ecosystems 
(Brown et al., 2002; Humphreys et al. ,  1991; Williams & West, 2000). The canopy 
decline of other species, for example Eucaltpus regans (Mountain ash), E. saligna, 
and E. camaldulensis and has been associated with the development of more 
flammable understoreys in (Jurkis, 2000; Jurkis & Turner, 2002; Stone, 1996; 1999). 
Community structure changes can also cause canopy decline through the 
development of understoreys that favour pathogens and herbivores (Jurkis, 2000; 
Jurkis & Turner, 2002). There are a number of examples of community composition 
changes causing canopy decline through benefiting pathogens and herbivores. 
Understoreys cleared for pastoral crops that Anoplognathus species (Christmas 
beetles) thrive on have been associated with canopy decline (Carne et al. , 1974). 
Dense litter accumulation in long unburned understoreys has been found to benefit 
insects that cause canopy decline (Carne & Taylor, 1978). Furthermore, the 
development of dense understoreys has been associated with Phascolarctos cinereus 
(Koala) and Anthornis melanura (Bellbird) induced canopy decline (Jurkis & Turner, 
2002; Loyn et al. , 1983; Stone, 1999). 
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Community composition can also influence the inherent susceptibility of 
ecosystems to canopy decline, such as tree age and size. For example overmature 
trees are typically less responsive to environmental changes, and naturally decline in 
structure (Florence, 1996). In Tuart small and mid sized trees have been associated 
with greater canopy decline, thought be due to reduced resistance to borers and fire 
found in smaller trees (Fox & Curry, 1980; Jasinska & Tholen, 2003; Ruthrof, 2001). 
Canopy decline of other species have even been found to be height specific 
(MacGregor & O'Connor, 2002). 
To summarise, Tuart community composition across the distribution may be 
considered to play an important role in Tuart canopy decline. However, no study has 
investigated the association of community composition with canopy decline across 
the entire Tuart distribution. 
4.1.3.2 Herbivory 
Herbivory has been associated with the canopy decline of many Australian 
trees and can result from many different biotic agents, for example: P. cinereus 
induced canopy decline of Eucalyptus ovata in coastal Victoria (Martin, 1985a, b); 
Trichosurus vulpecular (Brush tailed Possum) induced canopy decline in Victoria 
and New Zealand (Old et al., 1980); psyllid induced canopy decline of E. saligna in 
NSW (Podger, 1973); and insect induced canopy decline across rural Australia 
(Heatwole & Lowman, 1986). Tuart canopy decline has traditionally been associated 
with insect attack (Longman & Keighery, 2002). 
Insect herbivory has been associated with the canopy decline of numerous 
Australian tree species (Carne et al. ,  1974; Carne et al. , 1980; Carne & Taylor, 1978; 
Curry, 1980; Elliot et al. , 1980; Landsberg, 1990a, b; Landsberg & Wylie, 1983; 
Lowman et al. ,  1987;  Mackay et al. ,  1984; Mazanec, 1980; Morgan & Bungey, 
1980; Morrow & Fox, 1989; Ohmart & Edwards, 1991). Numerous outbreaks of 
insect attack have been observed across the Tuart distribution since colonial 
settlement (Curry, 1975; 1980; Fox, 1981; Fox & Curry, 1980; Longman & 
Keighery, 2002; Ward, 2000b). 
Three types of insect are associated with Tuart canopy decline, these are: i) 
flower damaging (H. tibialis); ii) wood damaging (Phoracantha impavida, P. 
semipunctata, P. acanthocera (Bullseye borer), Crytophasa unipunctata (Stem 
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girdler) and Culuma species (Wood moth); and iii) defoliating (Nepticula species 
(Tuart miner), Ciampa species (Pasture looper), Phylacteophaga froggatti (Leaf 
blister sawfly), Perga species (Spitflies), Paropsis species (defoliating beetles) and a 
number of Eurymeliadae, Membracidae, Pentatomidae, and Psyllidae species 
(sucking beetles)) (Curry, 1975; 1980; Curry & Moulden, 1993; Everett, 1968; Fox, 
1981; Fox & Curry, 1980; Jenkins, 1972; Longman & Keighery, 2002). In addition 
there are many unknown species, exotic species invasions, expansion of current 
species diets and increasing invasions resulting from climate change to contend with 
(Gan, 2003; Harrington et al. , 2001; Lanfranco & Dungey, 2001; Loch & Floyd, 
2001). 
Insect herbivory has been suggested as a primary cause of canopy decline in a 
number of Australian tree species, for example P. semipunctata has been implicated 
with the direct death of trees (Heatwole & Lowman, 1986; Morgan, 1984). 
Phoracantha species are common in Australian forests (Elliott et al. , 1998) and have 
often been associated with Tuart canopy decline, for example: in Ludlow during the 
1960s, the Perth metropolitan area during the 1980s, and Yalgorup region currently 
(DCLM, 2002; Fox & Curry, 1980; Longman & Keighery, 2002; Ward, 2000b). 
Generally, however, insect herbivory is considered a secondary cause of 
canopy decline, resulting from changes in environmental conditions that favour 
attack (Elliott et al. , 1998; Heatwole & Lowman, 1986; Longman & Keighery, 
2002). Insect attack can then predispose trees to further secondary attack (Jurkis & 
Turner, 2002). Environmental conditions associated with insect induced canopy 
decline in Tuart and other species include: topography, soil moisture changes, 
hydrological changes, understorey changes, unfavourable climatic conditions, 
nutrient availability changes, altered fire regimes, and the decline of insectivorous 
birds (Came et al. , 1974; Came et al. , 1980; Came & Taylor, 1978; Fox & Curry, 
1980; Jurkis & Turner, 2002; Landsberg, 1990b; Longman & Keighery, 2002; Loyn 
et al., 1983; Mackay et al., 1984; Podger, 1973; Raison et al., 1993; Stone, 1999; 
Stone et al. , 1995). In particular declining bird populations across the Tuart 
distribution (Clarke & Schedvin, 1999; Recher & Serventy, 1991) have been 
hypothesised as a possible cause of the increase of insect related canopy decline in 
Tuart (Fox & Curry, 1980; Longman & Keighery, 2002). However, it is not clear 
whether birds have the ability to prevent population explosion of insect, and they 
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themselves can damage Tuart in search for larvae (Ford, 1980; Fox & Curry, 1980; 
Longman & Keighery, 2002; Ruthrof et al. ,  2002). 
To summarise, despite there being much evidence that herbivory is associated 
with Tuart canopy decline, it is thought other environmental factors are causing the 
insect herbivory (Fox & Curry, 1980; Longman & Keighery, 2002; Podger, 1973). 
As Day (1980) suggests, canopy decline research has focused too much on insects at 
the expense of searches for the primary causes. Considering this, and the fact other 
studies are looking at insects in Tuart, they have not been measured in this study. 
4.1.3.3 Pathogens and fungi 
Pathogen and fungal associated canopy decline has been reported in Tuart 
(Fox, 1981; Fox & Curry, 1980; Longman & Keighery, 2002; Stukely, 2002), as well 
as other species (Bowling & McLeod, 1968; Castello et al. ,  1995; Florence, 1981; 
Heatwole & Lowman, 1986; Old et al. ,  1980; Shearer et al. ,  1997; 1998). Pathogens 
are biotic agents that incite disease, and are responsible for numerous ecosystem 
functions, able to cause change to community structure and composition (Castello et 
al., 1995). Different pathogens attack different parts of trees, some attack dead wood, 
others roots, stems and leaves (Heatwole & Lowman, 1986). Some of these are 
beneficial, such as: mycorrhizae fungi that enhance root nutrient uptake; Beauveria 
bassiana fungi in Tasmania that kills herbivores; and others that improve community 
structure by removing less vigorous trees (Castello et al., 1995; Heatwole & 
Lowman, 1986; Keith, 1997). Pathogens associated with canopy decline usual result 
from changes to other environmental conditions, including: disturbance, climate, 
hydrology, pollution, insect presence and genetic resistance (Castello et al. , 1995; 
Heatwole & Lowman, 1986). For example Armillaria root rot disease that causes 
Populus tremuloides canopy decline in Canada is associated with tree age and 
climate (Brandt et al. , 2003). 
Internationally, pathogens have been associated with the severe canopy 
decline of a number of species, including: Ceratocystis ulmi (Dutch elm disease) 
affecting Elm (Ulmus species) throughout the world; Cryphonectria parasitica 
(Chestnut blight) affecting Castanea dentata; numerous Armillaria species (Root rot 
diseases) affecting a host of species from Pinus contorta (Douglas fur) to Tsuga 
heterophylla (Western hemlock); Brunchorstia pinea (Pine canker) affecting Pinus 
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nigra (Corsican pine); Cronartium ribicola (White pine blister) affecting numerous 
Pinus species; Cryptococcus fagisuga (Beech bark disease) and Nectria coccinea 
(Canker fungus) affecting F. grandifolia (Castello et al. ,  1995; Heatwole & Lowman, 
1986; Power & Ashmore, 1996). The list of pathogen associated canopy decline is 
somewhat endless with new emergent diseases continually being found, such as 
Phytophthora ramorum recently discovered to be affecting Lithocarpus and Quercus 
species (Oak species) in California and increasingly reported from across the globe 
(Kelly & Tuxen, 2003; McKee, 2003). 
Throughout Australia, pathogens have been associated with some major 
canopy decline, mostly enhanced by other environmental factors. Examples of these 
include: Sporotrichum destructor (Canker fungus) causing canopy decline of 
Eucalyptus ficifolia (Red flowing gum); Armillaria species causing canopy decline 
of E. obliqua and E. regans; and P. cinnamomi related canopy decline affecting 
numerous Australian tree species including E. marginata (Abbott et al., 1993; 
Heatwole & Lowman, 1986; Hopkins, 1973; Kile, 1980; Kimber, 1980). 
Tuart is associated with around 100 pathogens (Longman & Keighery, 2002), 
of which only a few have been associated with Tuart canopy decline, these include 
Piptoporus portentosus, Piptoporus australiensis, Armillaria mellea and Armillaria 
luteobubalina (Fox & Curry, 1980; Longman & Keighery, 2002). Pathogens have 
usually been responsible for Tuart canopy decline in areas influenced by 
anthropogenic disturbance (i.e., Western Suburbs in the 1960s) and exposed to 
excessive watering (Armillaria in amenity planting schemes) (Longman & Keighery, 
2002). Disturbance in urban areas may also cause loss of beneficial fungi 
(mycorrhiza and decomposer fungi) facilitating canopy decline (Longman & 
Keighery, 2002; Tommerup & Baugher, 2000). 
In summary, although a possible cause of Tuart canopy decline, pathogens 
will not be investigated in this study. This is because pathogens are more likely to be 
a secondary cause of canopy decline (Stukely, 2002), pathogens are difficult to 
identify and pathogens in Tuart are being studied by other researchers. 
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Disturbance events in this study are considered anthropogenic activities that 
cause disruption to natural ecosystem functioning, such as timber harvesting, as well 
as recreational and agricultural activities. Fragmentation is a prominent form of 
anthropogenic disturbance, defined as the process by which a natural landscape is 
broken up into small parcels of natural ecosystems, isolated from one another in a 
matrix of lands dominated by human activities (Saunders et al. , 1991). 
Fragmentation influences all ecosystem processes, from individual organisms 
to community functions (Debinski & Holt, 1998; Hobbs, 1993; Robinson et al., 
1992; Saunders et al., 1991). The effect of fragmentation is caused by the 
interactions between: edge effect; degree of connectivity; level of isolation; 
surrounding landscape matrix; surround land use; fragment composition and 
fragment size (Debinski & Holt, 1998; Fahrig, 2001; Robinson et al., 1992; Saunders 
et al. ,  1991). Through these processes fragmentation can alter: species composition 
(abundance, richness & density) (Debinski & Holt, 1998; Gill & William, 1996); 
ecosystem vulnerability to anthropogenic activities (pollution, agriculture, arson and 
recreation) (Gill & William, 1996; Hobbs, 2001; Weathers et al. , 2001); and 
ecosystem vulnerability to natural processes (climate, biotic invasion & extinction) 
(Bunnell, 1999; Hobbs, 2001; Saunders et al., 1991). Fragmentation has been 
associated with canopy decline of a number of Australian species, such as Eucalyptus 
macrocarpa (Grey Box) and E. accedens (Grey et al., 1998; Kimber, 1980). 
Tuart distribution is heavily fragmented, characterised by features that are 
recognised as major agencies of fragmentation including pine plantations, 
urbanisation and agriculture (Gill & William, 1996; Keighery et al. ,  2002; Powell & 
Keighery, 2002; Ruthrof et al., 2002). In Tuart, fragmentation has been associated 
with increased insect attack, increased fire frequency, alienation of stands, exotic 
flora invasions and root damage, that have led to canopy decline (Beard, 1967; Fox, 
1981; Fox & Curry, 1980; Longman & Keighery, 2002; Main & Serventy, 1957). For 
example canopy decline of Tuart at Woodman Point has been associated with edge 
effects from access tracks (Fox & Majer, 1980; WAIT, 1981). 
- 98 
Environmental Correlates and Tuart Decline 
Chapter 4. 
Fragmentation is prominent, and therefore a possible indirect cause of canopy 
decline in Tuart, although it has received little attention to date. This study has 
considered the influence of fragmentation and anthropogenic disturbance on Tuart 
canopy condition across its entire distribution. 
4.1.4.2 Pollution 
Land, air and water pollution have all been implicated in canopy decline. For 
example water pollution (sewage) has been associated with increased shoot and leaf 
death of Banksia integrifolia (Coastal Banksia) (Morris, 2003). Air pollution is 
however the most significant pollutant form and associated the canopy decline of 
numerous species worldwide (Aamlida et al. , 2000; Bytnerowicz et al. , 2003; Cape 
& Percy, 1998; Chiwa et al. , 2003; Dittmar et al. , 2003; Juknysa et al. , 2003; 
Kandeler, 1995; Modrzynski, 2003; Murray et al. , 1994; Stribley & Ashmore, 2002; 
Vries et al. , 2003). Air pollution has been associated with Tuart canopy decline in 
industrial areas by a number of studies (Chilcott, 1992; 1994; Fox & Dunlop, 1984; 
Meney, 1986; Meney & Fox, 1986). 
Air pollution affects trees directly by altering a number of biophysical 
functions, such as respiration, reproduction and energy storage (Cox, 1992; Smith, 
1992). Indirectly pollution can unbalance the biogeographical chemical cycling of 
forests by altering decomposition, leaching, root necrosis and symbionts (Smith, 
1992). This in tum can disrupt energy pathways (alter consumer populations), reduce 
forest growth and community biodiversity (Smith, 1992). The affect of air pollution 
depends on complex interactions between anthropogenic and environmental factors, 
the most important of these are: exposure load (topography, meteorology and 
distance from sources), species tolerance (species type, pre-existing condition, age 
and genetics), ecosystem resistance (soil type, geology, hydrology, and composition) 
and pollutant type (Aamlida et al. , 2000; Chiwa et al. , 2003; Dittmar et al. , 2003; 
Juknysa et al. , 2003; Smith, 1992). For example, Southern Norway's  forests canopy 
decline has been associated with an interaction between soil buffering capacity, 
exposure loads, climate, herbivory, pathogens and tree age (Aamlida et al. , 2000). 
Pollutants consistently implicated in causing canopy decline events include 
sulphur dioxide, ozone, nitrogen oxides and fluorides (Bytnerowicz et al. , 2003; 
Modrzynski, 2003; Smith, 1992). Internationally, these air pollutants have been 
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associated with the canopy decline of numerous species, mostly in industrialised 
regions, such as Europe, North America and Asia (Bytnerowicz et al. , 2003; Chiwa 
et al. ,  2003; Heatwole & Lowman, 1986; Smith, 1992). In Europe, nitrogen, sulphur 
and ozone pollution have been associated with tree stress predisposing trees to 
herbivory that causes canopy decline (Bytnerowicz et al. , 2003; Dittmar et al. , 2003; 
Kandeler, 1995; Modrzynski, 2003; Stribley & Ashmore, 2002; Vries et al., 2003). 
In North America, oxidants, ozone, nitrogen, sulphur and heavy metals have been 
associated with the canopy decline of a number of species (Heatwole & Lowman, 
1986; Juknysa et al., 2003; Smith, 1992). In Japan, nitrogen and sulphur pollution 
have been associated with Pinus species forests canopy decline, and in Australia 
pollution has been associated with Tasmania forests canopy decline (Chiwa et al., 
2003; Podger, 1973). 
Tuart canopy decline has been associated with sulphur dioxide pollution in 
the Kwinana industrial region (south of Perth) (Chilcott, 1992; 1994; Fox & Dunlop, 
1984; Meney, 1986; Meney & Fox, 1986). Sulphur is associated with tree stress and 
can predispose trees to insect herbivory (Beare et al. , 1999; Lechowicz, 1987). Short­
term sulphur dioxide exposure has been found to cause morphological changes to 
Tuart, such as increasing chlorophyll content of leaves, thinning and elongating 
stems (Fulford & Murray, 1990). Ozone pollution has been found to cause 30 percent 
growth reduction in Tuart, significantly more than eight other Eucalyptus species 
tested (Monk & Murray, 1995). These included E. marginata, E. camaldulensis, E. 
globulus (Tasmanian blue gum), E. grandis (Rose gum), E. microcorys 
(Tallowwood), E. viminalis (Manna gum), and E. robusta (Swamp mahogany) 
(Monk & Murray, 1995). 
Pollution is therefore considered a possible cause of Tuart canopy decline, 
which may be localised to sources of pollution or at distance, such as transboundary 
air pollution (long distance deposition) (Brankov et al. , 2003). This study has 
therefore investigated air, water and land pollution as possible causes of Tuart 
canopy decline. 
4.1.5 Summary 
Numerous factors have been discussed that may be causing Tuart canopy 
decline, either individually or collectively, and by either direct or indirect pathways. 
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In this review the main hypothesised causes of Tuart canopy decline have been 
summarised, but other possible causes of canopy decline do exist, including toxic 
exudates, nematodes, parasitic plants, and bacterium (Florence & Crocker, 1962; 
Heatwole & Lowman, 1986; Podger, 1973; Yang et al. , 2002). The list is virtual 
endless, therefore selection of environmental factors for this study has focused on 
those considered important to Tuart canopy decline from literature and those that are 
practical to measure. Previous to this study there has been no attempt to investigate 
so many environmental factors and their association and correlation with canopy 
decline across the entire Tuart distribution. 
4.2 Methodology 
4.2.1 Sampling 
Data used for this study came from secondary sources (for example 
government bodies) as well as from field work. Stand structure data was obtained 
during the canopy condition assessment described in Chapter 3. Understorey 
composition data was generated from the use of quadrats randomly placed in study 
site plots. Soil samples, litter depth, litter cover and soil depth to resistance were 
completed in three random locations in each understorey quadrat. 
4.2.2 Stand Structure Factors 
Stand structure factors refer to the physical structure of Tuart stands, 
including tree size factors, inter-tree competition, stand density and population 
structure. Most stand structure data was generated from Tuart measured during the 
canopy condition assessment in chapter 3. 
DBH data measured as part of the canopy condition assessment, and counts 
of juveniles (>2 m high or basal diameter of >2.5 cm) in study plots were used to 
investigate population structure. Size class distribution graphs for each study site, 
canopy condition groups and geographic regions were produced. Selected DBH 
groups of Tuart were used in correlation analysis with canopy condition measures, 
including: the total number of Tuart per hectare; the total number of Tuart less than 
10 cm DBH Uuveniles); the total number of Tuart greater than 10 cm DBH (adult); 
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and the total number of Tuart greater than 50 cm DBH (mature). Tree size factors, 
live tree height (total tree height) and live canopy size (total canopy size) were also 
generated in the canopy condition assessment. 
Inter-tree competition (itc) of Tuart assessed for canopy condition was also 
determined by a calculation, where the higher the score the greater the competition 
(Equation 4.1). The calculation was developed to combined the distance to the 
nearest tree (d1) and its total basal area (tba1) with the distance to the next nearest 
tree (d2) and its total basal area (tba2) to give a score of competition. Total basal area 
of the two nearest trees was determined using the same methods outlined for Tuart in 
Chapter 3. Mature A. flexuosa was considered a tree despite its often shrub like form, 
due to their suggested ability to out compete Tuart (Bradshaw, 2000; Ward, 2000a, 
b). 
Equation 4.1 
4.2.3 Understorey Composition Factors 
Understorey composition was investigated using 10 by 10  m quadrats, 
selected because of their suitability shown in other flora surveys of the Swan Coastal 
Plain (DEP, 1996; Gibson et al., 1994a). Up to three randomly positioned quadrats at 
each study site were used. The number depended on visual inspection of understorey 
vegetation heterogeneity. Species identification focused on perennial, shrubby, 
herbaceous taxa and abundant environmental weeds because of seasonal variation 
and time constraints (Fox & Dunlop, 1984 ). Percentage cover, abundance and height 
of taxa were recorded, and if dominant species were not sampled their presence was 
noted. Herbarium samples were taken to identify species using taxonomic keys, with 
nomenclature corrected to the Western Australian state herbarium as of February 
2004 (DCLM, 2003a). 
Using understorey data three measures of diversity were calculated, the total 
abundance of species, the Shannon-Wiener index (H' natural logarithm), and the 
Simpson's  index (A). The latter two measures are both common diversity measures 
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that increase the weighting of uncommon species (Brower et al. , 1989; Clark & 
Warwick, 2001; Fowler et al. , 1998). Understorey data was also used to calculate a 
series of other measures, including: i) the total abundance of natives and exotics; ii) 
the abundance of native and exotic grasses, shrubs, herbs, creepers, trees and other 
flora forms; and iii) the total percentage cover of exotics, natives, trees, shrubs and 
herbs. Percentage cover and abundance of A. flexuosa were also investigated, 
because of A. flexuosa hypothesised importance to Tuart canopy decline (Bradshaw, 
2000; Ward, 2000a, b). Understorey data were also investigated using the ordination 
methods outlined in Section 4.3. 
4.2.4 Landform Factors 
4.2.4.1 Geography and topography 
Latitude, longitude as well as distance to the coast from sites was determined 
using a handheld GPS receiver and ANZLIC datasets (coastline) in ARCview 3.0a 
(ESRI, 1996a). Elevation was determined from the 2001 DCLM topographic map 
series with a scale of 1 :25,000. Slope of sites was determined using a clinometer 
across a 10 m distance in the direction of the typical slope. Aspect of the typical 
slope was determined using a compass. 
4.2.4.2 Geomorphology and soil association 
Geomorphology, soil and dune associations were determined by interrogating 
digital datasets in a GIS environment using ARCview 3.0a (ESRI, 1996a). 
Geomorphology units were determined from digital urban geology maps with a scale 
of 1:50,000 and produced by the Geological Survey of Western Australia (GSWA) 
(1977a, b; 1982a, b; 1984; 1985a, b; 1986a, b; 1987a, b, c). Dune and soil type were 
determined from digital soil-landscape maps with varying scales from 1 :25,000 to 
1: 100,000 and produced by the Department of Agriculture, Western Australia 
(DAWA) (Barnesby et al. , 1991; Bessell-Browne, 1997; Bessell-Browne, 2001; 
Campbell-Clause & Moore, 1991; Griffin & Wagnon, 1995; King & Wells, 1987; 
Mattiske & Smolinski, 1998; McArthur & Bartle, 1980; McArthur et al. , 1977; 
McArthur & Mattiske, 1985; Schoknecht, 1992; Scholz, 1990; Smolinski & Scholz, 
1997; Tille et al., 1991; Tille & Lantzke, 1990; van Gool, 1990; van Gool & Kipling, 
- 1 03 -
Environmental Correlates and Tuart Decline 
Chapter 4. 
1992; Wells & Clarke, 1987; Wells & Hesp, 1989; 1994; Wells et al. , 1985 ; Wells et 
al., 1986). 
Soil depth to point of resistance was made by pushing a metal rod into the 
ground at three random locations in sampling quadrats. The metal rod was pushed 
into the ground until resistance became greater than manual pressure. Although 
subjective the method was used to provide a crude indication of soil 
compaction/depth. 
4.2.4.3 Soil properties 
Preparation: Approximately 500 g of soil was bulked from three, 15 cm deep 
holes, taken at three random positions within each understorey quadrat (Behera & 
Sahani, 2002; Ohlinger, 1995). Soil samples were taken using a trowel, after the 
removal of surface litter. Samples were stored in a cool dry dark place, where they 
were air dried in slightly open plastic bags until analysis. Prior to analysis samples 
were dried in an oven at 40°C for 48 hours, and coarse clumps were broken apart by 
pestle and mortar. Samples were then sieved through a 2.0 mm diameter mesh sieve 
by hand and the greater then 2.0 mm fraction removed and weighed. Unfortunately 
equipment error did expose some soil samples to 100°C, although a 10 percent 
resample showed this had no affect on subsequent analysis. 
Particle size distribution: The particle size of dry soil samples was 
determined as an indicator of soil permeability and for soil description purposes 
(Lindholm, 1987). A measure of 50 g of soil was randomly taken from each sample 
and passed through three graded laboratory soil sieves on a shaker for ten minutes. 
Sieves were selected according to the major division of the Wentworth scale for 
sediment analysis, using mesh size diameters of 1.0 mm (very coarse sand), 0.25 mm 
(medium to coarse sand), 0.063 mm (fine to very fine sand) and a receiver pan (silt 
and clay) (McDonald et al. , 1998). The Wentworth scale is commonly used and 
internationally accepted by geologists (Lindholm, 1987). This formed four soil 
texture divisions with the inclusion of the greater than 2.0 mm particle size. 
Soil properties. A number of soil analyses were undertaken by Wesfarmers 
CSBP Soil Plant Laboratory (Bibra Lake, Perth) using the methods outlined in Table 
4.2. Analyses were conducted on important soil properties for plant development and 
those associated with canopy decline in literature (Dell et al. , 2002; Heatwole & 
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Lowman, 1986; Longman & Keighery, 2002; Slingsby & Cook, 1986). Financial 
restrictions limited the selection of soil properties analysed. 
Soil water repellency and compaction. Water repellency is caused by long­
chained polymethylene waxes formed from the breakdown of plant litter, found 
throughout Australian soils (Harper et al. , 2000; Ma'sham et al. , 1988). Water 
repellency was tested by the 'Molarity Ethanol Test' , which uses the concentration of 
ethanol required to wet soil within 10 seconds (King, 1981; McDonald et al. , 1998; 
Moore et al. , 2004 ). Concentrations of ethanol used were 0.5, 1, 2, 3, and 4 molar 
solutions. Surface soil compaction was determined by use of a penetrometer, 
although soils often offered little resistance. 
Table 4.2 - Methods of soil analysis 
Nutrient 
Reactive Iron 
Nitrate and ammonium 
nitrogen 
Phosphorus and 
potassium 
Extractable sulphur 
Electrical conductivity 
and pH 
Method 
Soils tumbled in 1 :33 ratio with Tamm's reagent (oxalic acid/ammonium oxalate) for one 
hour, and then flame atomic absorption spectrophotometer at 372.0 nm used. 
Soils tumbled with I M  potassium chloride for I hour at 25°C at a soil solution ratio of 1 :5. 
Ammonium nitrogen measured by indo-phenol blue reaction and colorimetrically at 420 
nm (Searle, 1984 ). Nitrate measured by reduced nitrite through copperized-cadmium 
column colorimetrically at 520 nm. 
Available phosphorus determined by Cowell methoo (Cowell, 1965; Rayment & 
Higginson, 1992). Soils tumbled with 0.5 M sodium bicarbonate and adjusted to pH 8.5 for 
16 hours at 25°C at a soil solution ration of I :  100. Acidification extract was then treated 
with ammonium molybdate/antimony trichloride reagent. Concentration of phosphorus 
measured colorimetrically at 880 nm and potassium by an atomic absorption 
spectrophotometer at 766.5 nm. 
Soils extracted with 0.25 M potassium chloride at 40°C for 3 hours and sulphur measured 
by Inductively Coupled Plasma spectrometry (Blair et al., 199 1 ). 
Electrical conductivity, pH and pH calcium chloride were determined by commonly used 
methods developed by Rayment and Higginson ( 1992), employing a I :5 soil deionised 
water ration and use of electrodes. 
Organic carbon content Soil organic carbon content was determined by Walkley and Black ( 1 934) method, 
involving the measurement of chromatic ions produced following oxidation with organic 
carbon and concentrated sulphuric acid by colorimetry (600 nm). 
4.2.5 Climatic Factors 
Poor coverage by Bureau of Meteorology (BOM) weather stations across the 
Tuart distribution (n = 8) meant the climate of sites could be better determined from 
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ESOCLIM. ESOCLIM is part of the ANUCLIM package (2001) and uses a dataset 
of 30 year averages to determine climate based on altitude, longitude and latitude. 
ESOCLIM modelling has been used in many studies where climate data are lacking 
(Busby, 1986; 1991; Gibson et al. ,  2002; Nix, 1986; Nix et al. ,  1977; Price et al. , 
2000). ESOCLIM was used to determine: monthly rainfall; maximum and minium 
temperature; maximum and minium 07:00 hour dewpoint; and maximum and 
minium 15:00 hour dewpoint for each study site. From this data mean annual, winter 
(May to September), summer (October to April), annual maximum and minium 
values, could be calculated. Data were provided courtesy of Trevor Booth and Tom 
Jovanovic (CSIRO Forestry and Forest Products). 
Rainfall change was determined based on two methods. The first involved the 
determination of rainfall change using a map of rainfall change provided courtesy of 
Ian Smith (CSIRO Atmospheric Research). The map shows change in annual rainfall 
from 1950 to 2000 shown in mm change per 100 years, taken from a 0.5 by 0.5 
degree grid system developed by Jeffrey et al (2001) (Appendix 6). The second 
method involved the determination of annual and winter (May-July) rainfall change 
between the means of two periods of time from eight BOM (2003) datasets. Winter 
rainfall change was determined because it is suggested to have had the most severe 
reduction (IOCI, 2002). The first period was consistent with Indian Ocean Climate 
Initiatives (IOCI, 2002) report (comparison in rainfall change between 1925 to 1975 
and 1976 to 2002) and the second period based on observations of when Yalgorup 
canopy decline first appeared in 1994 ( comparison in rainfall change between 2002 
to 1994 and 1993 to 1986) (Longman & Keighery, 2002). Spline interpolation 
between the eight data points (Appendix 6) was preformed in ARCview Spatial 
Analysis package (ESRI, 1996b ). Spline interpolation was selected for its 
applicability to gradually changing spatial factors (ESRI, 1996c). Rainfall change 
values for each study site could then be interrogated from the spline overlays. 
4.2.6 Hydrology Factors 
Hydrological factors were determined from datasets supplied by the Water 
and Rivers Commission (WRC). Groundwater monitoring bores were selected from 
the WIN Groundwater monitoring dataset in accordance to their proximity to study 
sites, similar elevation and geology. Bore data were then analysed collectively and in 
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a series of subgroups based on distance of sites from bores, in three categories: sites 
less than 500 m from bores, sites less than 1 km from bores and sites less than 2 km 
from bores. Bores were also grouped in two subgroups for their suitability, as 
advised by the WRC (Holmes, 2003. Pers. Comm.). This was because some bores 
were monitoring different levels of groundwater. 
Groundwater measures were based on observations of groundwater extremes, 
which dictated that winter groundwater depth was considered as October (November 
if unavailable) and summer as groundwater depth in April (May if unavailable). The 
periods used to investigate groundwater measures also reflect the onset of canopy 
decline in the Yalgorup region in 1994 (Longman & Keighery, 2002). 
For each study site a number of measures of groundwater depth were 
determined including: the current depth (mean of last 3 years); mean depth over all 
years; winter depth (2002); summer depth (2002); seasonal fluctuation (difference 
between summer 2002 to winter 2002); summer low 1994; summer low 1986; mean 
depth from 1986 to 1993; mean depth from 1994 to 2002; and groundwater depth for 
urban sites as estimates from the Groundwater Atlas (WRC, 1999). 
In addition a number of measures of groundwater depth change were 
determined. Annual (all months) and summer (April, or May if unavailable) depths 
were plotted, and a regression line used to calculate average rate of summer and 
annual groundwater depth change for sites. Summer depth change (April, or May if 
unavailable) was also calculated based on the difference in depth between two dates: 
from 1986 to 2002; 1994 to 2002; and 1986 to 1994. Percentage groundwater depth 
change was also determined from the mean change in depth from 1986 to 1994 
compared to 1994 to 2002. 
Groundwater chemistry measures included mean alkalinity (CaC03 and pH), 
conductivity (µS/m), and hardness (µS/m). Two measures of conductivity change 
were also calculated, including: i) rate of conductivity change based on a regression 
line for all years of data available, and ii) conductivity change based on the 
difference between the first and most recent conductivity measurement. 
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Time in years since the last fire and frequency of recent fire events 
(low/med/high) were recorded for study sites, based on estimates and knowledge 
gathered from literature, interviews (Rangers, Friends Groups etc) and field 
observation (sources provided in Appendix 4). Litter was also measured as an 
indicator of recent fire. Litter depth was determined at three random locations in 
understorey quadrats and percentage cover of litter estimated. 
4.2.8 Pollution Factors 
Monitoring the effects of pollution requires long-term and constant 
measurement of atmospheric and ecosystem processes due to large variability and 
random nature of responses of ecosystems to pollution (Musselman et al. , 1992). The 
lack of such information available for the Tuart distribution meant pollution was 
determined by: indicators of pollution (measures of distance to sources); using an 
observational index; and consultation with the Department of Environmental 
Protection (DEP). 
Locations of air, water and land pollution sources listed in the National 
Pollution Inventory (NPI, 2002) across the Tuart distribution were plotted in 
ARCview 3.0a (ESRI, 1996a) (Appendix 6). The NPI lists sources of 90 major 
pollutants that are required to be reported at a low levels from commercial and 
industrial sources (NPI, 2002). Three distance interpolations for air, water and land 
pollution sources were then produced using ARCview Spatial Analyst (ESRI, 
l 996b ). Interrogation of these interpolations gave a value of O ( close to sources) to 
-3 (increasing distance from sources) for distance from study sites to land, water and 
air pollution sources. A combined total score for air, water and land pollution sources 
was also calculated. 
Aerial distances from study sites to the nearest high and low traffic density 
roads were determined using a transportation dataset provided by the DAW A. Roads 
were classified based on estimation made during fieldwork, as high traffic density 
(>40 vehicles/hour 9 to 1 0  am) or low traffic density ( <40 vehicles/hour 9 to 10 am). 
Distance to the nearest population centre (edge if a built-up region) and the Kwinana 
industrial area were also determined using datasets provided by ANZLIC (200 1 ). 
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Kwinana is the largest collection of industrial facilities across the Swan Coastal 
Plain. All distances were calculated using ARCview 3.0a (ESRI, 1996a). In addition 
to these measures an index of pollution was used to score sites from 1 (no pollution) 
to 5 (high pollution) based on their overall level of pollution (Table 4.3). 
Table 4.3 -Pollution index. 
Score Descriptions 
Rural site with no signs of pollution. 
2 Rural land, some source of pollution sources i.e., roads or light residential property (within 300 m). 
3 Semi rural/urban land, visual sources of pollution sources (residential properties and commercial outlets) 
4 Urban land with visual sources of pollution (stacks, heavy residential or industrial facilities). 
5 Urban industrial land, with visual sources of pollution (degraded limestone, venting stacks and odours). 
4.2.9 Anthropogenic Disturbance Factors 
4.2.9.1 Anthropogenic disturbance 
The influence of anthropogenic disturbance at sites was determined using a 
disturbance index adapted from McDonald et al (1998) soil disturbance index (Table 
4.4). Study sites were scored for their current level of land use disturbance (1 to 10) 
and past level of land use disturbances ( 1 to 10). The time elapsed since the last 
major land use disturbance was also recorded. Some sites did not have any past land 
use disturbance, because the current land use disturbance was the only disturbance 
perceived to have occurred. Field observations, literature reviews and consultation 
with land managers assisted scoring. 
Table 4.4 -Anthropogenic disturbance index used to score past and present 
levels of anthropogenic disturbance. 
Score Description 
I No effective disturbance, natural 
2 No effective disturbance, other than recreational activities (walkers) 
3 No effective disturbance, other than recreational activities (walkers) or light grazing 
4 Minor disturbance, medium recreational activities (trail bikes, walkers), or light grazing 
5 Minor disturbance, recreational activities (vehicle tracks), historic buildings or grazing 
6 Disturbed, selective heaviest in past or modifications (pathways, fencing, grazing etc) 
7 Disturbed, timber harvested clear-cut in past, or selective in current. 
8 Disturbed, cultivated in past, for agriculture or recreational landscaping. 
9 Moderately disturbed, urban parkland, recreational land, or pastoral field. 
I O Highly disturbed, pastoral field, roadworks or construction. 
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4.2.9.2 Fragmentation index 
An index was used to determine fragmentation of study sites, based on seven 
attributes: connectivity, surrounding land use, age since fragmentation occurred, 
isolation, size of patch, shape of patch and vegetation condition (Table 4.5). 
Attributes were selected based on suggested importance in fragmentation literature 
(Debinski & Holt, 1998; Fahrig, 2001; Robinson et al. , 1992; Saunders et al. , 1991), 
and the vegetation condition index adapted from Keighery et al (2002). Attributes 
were scored on an ordinal scale from 1 (poor) to 5 (good), and an overall total score 
calculated. 
Table 4.5 - Fragmentation indices developed for study. Scoring was possible 
between those points selected as examples here. 
Attribute 
Connectivity 
Surrounding 
land use 
Age of 
fragment 
Score Descriptions 
5 High connectivity to surrounding landscape matrix. 
3 Medium connected: equal number of connections and gaps. 
No connections to surrounding landscape matrix 
5 Same as site (for over 100 m) 
3 Light residential 
Heavy urban use (Industrial) 
5 Very young fragment. (Recent developing in surrounding landscape). 
3 Medium aged: equal number of remnants and developed land around) 
Long time fragment isolated (no remnants in surrounding landscape). 
Isolation 5 High number of reserves/fragments within 2 km of site. 
3 Medium number of reserves/fragments within 2 km. 
No reserves/fragments within 2 km. 
Size 5 Site situated with a fragment more than I km1 in size. 
Shape 
Vegetation 
condition 
3 Medium size: approx. 1 km2 
Site itself forms the majority of the fragment. 
5 Fragment well rounded with no undulations. 
3 Medium shape: some irregularities but equally round 
Fragment irregular, high narrowness. 
5 
3 
No exotic species - natural species structure 
Medium level of exotic species invasion 
High invasion of exotic species - highly degraded site. 
4.2.9.3 Fragmentation calculation using GIS 
An attempt to more quantitatively measure fragmentation was made using 
ARCview 3.0a (ESRI, 1996a) and a number of digital datasets, including: aerial 
photographs (DLI, 2003); remnant (Heddle et al, 1980) Tuart distribution maps; 
transportation coverage maps; Tuart Bushland forever sites maps; and remnant pre­
European Tuart distribution maps (provided by the DAW A). Using these datasets the 
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distance to the nearest edge and combined edges (north, east, south and west) of 
patches was determined from study sites OPS coordinates. A patch edge was defined 
as any anthropogenic gap or natural gap, such as pastoral land, urban area, or water 
bodies. 
Using these datasets the perimeter, area and perimeter/area ratio of the 
patches that study sites were situated in was determined, based on two patch scales. 
The external patch was determined as the perimeter and area of native vegetation the 
study site was situated in, ignoring anthropogenic and natural edges of approximately 
less than 20 m (Figure 4.2). The internal patch was determined as the perimeter and 
area of native vegetation the study site was situated in, without any anthropogenic or 
natural edges (Figure 4.2). Perimeter/area ratio's  have been used to investigate 
fragmentation in many studies (Jorge & Garcia, 1997; Mette & Carrol, 1997). When 
the area/perimeter ratio is low, a patch is small and elongated (greater edge effect), 
whereas when the area/perimeter ratio is high the patch is large and rounded (less 
edge effect) (Mette & Carrol, 1997). 
The perimeter of the internal patch was also divided into four categories 
dependent on surrounding land use. This included: i) the perimeter of the internal 
patch surrounded by native vegetation; ii) the perimeter of the internal patch 
surrounded by lightly cleared vegetation (parkland and plantations); iii) the perimeter 
of the internal patch surrounded by moderately cleared vegetation (farmland and 
light residential area); and iv) the perimeter of the internal patch surrounded by 
heavily cleared vegetation (urban area). 
Landscape level fragmentation was investigated using a dataset from the 
National Land and Water Resources Audit (provided by the DAW A). The dataset 
showed native vegetation based on Landsat TM satellite imagery and orthophotos, 
that had been ground truthed for major omissions (DA WA, 2002). Using this dataset 
and ARCview 3.0a (ESRI, 1996a) a 400 km2 grid, where each square represented one 
percent, was drawn. This allowed the percentage cover of remanent vegetation, water 
bodies and cleared vegetation surrounding sites to be calculated. The area selected 
( 400 km2) was considered large enough to provide a good representation of 
surrounding land use on a large scale. Numerous studies have used remnant 
vegetation cover as an indicator of fragmentation (Howard et al., 2001; Jorge & 
Garcia, 1997). 
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Figure 4.2 - Fragmentation determination using GIS. The two scales used to 
investigate fragmentation are illustrated, including the external and internal 
patch. 
4.3 Analysis 
4.3.1 Testing For Significant Difference 
The Kruskal-Wallis test was used to test for significant differences (P = 
<0.05) between study sites, geographic regions and key environmental groups (for 
example soil types and aspect groups). The Kruskal-Wallis test was used as an 
alternative to a one-way ANOVA, because of serious violations of normal 
distribution, unequal variance and sample sizes, as well as its greater applicability to 
non-continuous (proportional and count) and categorical data (Zar, 1999). In these 
cases the Kruskal-Wallis test is more powerful then a one-way ANOVA (Zar, 1999). 
Ranks were used as a guide to identify significantly different groups or sites. 
Comparisons between results were preformed using a number of transforations (for 
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example arc-sine and various logarithms) and one-way ANOVA, but little difference 
in results found. Tests were completed using SPSS for Windows (2001). 
A Mann-Whitney U-test was used to test for significant differences between 
environmental factors means of condition groups (A and B), as there were only two 
groups. The Mann-Whitney U-test was used because it is more powerful than a t-test 
in cases where serious violations of t-test assumptions are made, such as violations of 
normal distribution, unequal sample sizes and variance (Fowler et al., 1998; Zar, 
1999). Tests were completed using SPSS for Windows (2001). 
4.3.2 Understorey Composition Ordination 
Understorey composition was analysed using percentage cover data for all 
taxa (excluding difficult to identify grasses). Various other combinations of species 
(shrubs and herbs only etc) were investigated but did not improve ordination. Data 
was transformed by square root transformation to increase the weight of uncommon 
species and then a Bray-Curtis similarity matrix was produced (Kent & Coker, 
1992). Other data transformations (for example logarithms and presence/absence) 
were investigated but did not improve ordination. Using the similarity matrix an 
NMDS ordination was plotted to show similarity between sites in a two dimensional 
pattern. NMDS was selected because it is easy to interpret ecologically and makes 
fewer assumptions than other ordination techniques (Clarke & Warwick, 1994; Kent 
& Coker, 1992 } .  NMDS was preformed with 100 restarts in an attempt to minimise 
stress (Clarke & Warwick, 1994). 
To help analyse the NMDS, hierarchical agglomerative clustering analysis 
was performed on the similarity matrix to produce a dendrogram (Kent & Coker, 
1992). A 20 percent similarity threshold was then used to determine community 
types and to check the success of the ordination (Clarke & Warwick, 1994). Outliers 
that could not be grouped with similar sites were removed from subsequent 
understorey analysis. 
Analysis of similarities (ANOSIM) was then performed on the similarity 
matrix to test for significant differences between community types ( 1 to 5), canopy 
condition groups (A and B) and geographic regions (1 to 4) (Clarke & Warwick, 
1994). Finally, similarity percentages analysis (SIMPER) was completed to 
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determine which species contributed to community types as suggested from NMDS 
ordination and the cluster analysis (Clarke & Warwick, 1994). All the understorey 
composition analysis was completed using Primer for Windows (2001). 
4.3.3 Identifying Relationships between Environmental Factors and Tuart 
Canopy Condition 
Curve fitting and various data transformations were completed to investigate 
relationships between canopy condition measures and environmental factors. Curve 
estimation using SPSS for Windows (2001) allowed the fitting of eleven curves, 
including: linear, logarithmic, inverse, quadratic, cubic, power, compound, s-curve, 
logistic, growth and exponential. A range of data transformations were also 
completed in an attempt to improve curve fitting and linearity of data, such as 
arcsine, square root and various logarithms. However, none of these attempts to 
identify non-linear trends significantly improved the r-values of curves, compared to 
linear relationships. Therefore linear correlation and regression analyses were 
performed on untransformed data. This made interpretation simpler and more 
applicable to this studies objective. 
4.3.3.1 Correlation coefficients 
Spearman's Rank Correlation (rs) was used to identify significant correlations 
between most environmental factors and canopy condition measures (canopy 
completeness, the adapted canopy condition score, and canopy size reduction (height 
and width)). Spearman correlation was used because it is a non-parametric method 
and therefore permits non-normally distributed data as well as counts and indices 
(Fowler et al. ,  1998; Zar, 1999). Numerous environmental factors and canopy 
condition measures were not normally distributed or were based on indices or counts. 
The Pearson moment correlation coefficient (r) was used for testing climatic factors 
against applicable canopy condition measures (canopy completeness and canopy size 
reduction measures). The Pearson moment correlation coefficient was used as most 
climate factors conformed better to normal distribution. 
Interestingly, there was little difference in r-values whether parametric or 
non-parametric methods were used. Neither was there much difference in r-values 
between transformed or untransformed data. The acceptance probability for 
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significant correlations was P = <0.05, but because of the high number of 
correlations being undertaken a Bonferroni correction of a reduced alpha of P = 
<0.005 was attempted (Chandler, 1995; Laurancea et al., 1999; Lehmacher et al., 
1991; Weisstein, 1999). However, the high alpha was accepted sometimes because 
the aim of correlations was to detect patterns rather than prove exact causes of 
canopy decline (Stewart-Oaten, 1995). Tests were completed using SPSS for 
Windows (2001). 
4.3.3.2 Multiple linear regression 
Stepwise multiple linear regression (MLR) was used to explore the data and 
extract important environmental factors that explained canopy decline variability 
(variance). Models allowed canopy condition (dependent) to be predicted from a 
number of environmental factors (independents) (Stockburger, 1998; Zar, 1999). 
Before MLR analysis the number of environmental factors was reduced to 95 for 
MLR without incomplete hydrological datasets, and 110 with all hydrological 
factors. Further subsets of physical environmental factors only were also analysed, 
reducing the number of environmental factors to 49 without incomplete hydrological 
factors, and 67 with all hydrological factors. Selection of environmental factors was 
based on those identified as important in univariate analysis, those that exhibited 
linearity, those that made ecological sense, as well as removal of obviously 
redundant factors (Dobbertin & Brang, 2001; Nicholls, 1989; Zar, 1999). Reduction 
of the number of environmental factors was important to reduce the chance of 
multicollinearity and the chance of making a Type one error (StatSoft, 2003; Zar, 
1999). 
A stepwise model selection procedure was then used to select the most 
important environmental factors and eliminate redundant ones (Stockburger, 1998; 
Zar, 1999). Stepwise selection selected the environmental factor that explained the 
most variability, before checking the residual variation to select the next 
environmental factor and so on (Zar, 1999). Model criteria were P = <0.05 for entry 
and P = <0.10 for removal (Dobbertin & Brang, 2001; Zar, 1999). Hydrological 
factors included in models were treated with caution due to missing data. Models 
using hydrological data with missing values had missing values replaced by the mean 
values of the particular factor. 
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Multicollinearity was checked using a Condition Index (where >15 equalled a 
problem, and >30 a serious problem) and Eigenvalues (where values near O equalled 
a problem), generated as part of the regression model in SPSS for Windows (2001). 
If two environmental factors were found to exhibit strong multicollinearity that 
seriously violated assumption of MLR, one was removed from the models 
(Dobbertin & Brang, 2001; Henri, 2001; Zar, 1999). Deviation from normality of 
data was not a concern because of the robust nature of MLR, and because normality 
of model residual is considered of more importance (Kery & Hatfield, 2003; Zar, 
1999). Normality of model residual was checked using standardized residuals plots 
(Kery & Hatfield, 2003). An attempt to produce models with a conservative alpha (P 
= <0.001) was also made to reduce the chance of error. All models were developed 
in SPSS for Windows (2001). 
4.4 Results 
Numerous measurements were taken for each category of environmental 
factors, details of each study site are therefore provided in Appendix 4. This section 
presents the means for each site, degree of correlation, and statistical tests for 
difference between geographic (1 to 4) and canopy condition groups (A and B). 
4.4.1 Stand Structure Factors 
4.4.1.1 Recruitment 
The less than 10 cm DBH size class is assumed to represent saplings and 
juveniles, and therefore relatively recent recruitment. The numbers of Tuart in this 
size class was considered low across the distribution (Appendix 2). Environmental 
factors associated with this low recruitment were identified (Table 4.6). The 
strongest correlation found with increasing recruitment was increasing mean site 
basal area and inter-tree competition. Statistical tests found no difference between 
canopy condition groups or geographic regions in terms of recruitment. However, 
comparisons of error bars suggest severe canopy decline sites had slightly lower 
recruitment (Figure 4.3). Comparisons of error bars also suggest the Ludlow region 
(4) had lowest recruitment levels and the Yalgorup region (3) had the highest (Figure 
4.4). 
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4.4.1.2 Tree size measures and inter-tree competition 
Significant variation between sites across the Tuart distribution was found 
for: basal area (Figure 4.5); total tree height (Figure 4.6); total canopy size (Figure 
4.7); and inter-tree competition (Figure 4.8). The mean basal area was 0.27 m2, with 
a range from 0.0013 m2 to 8.2 m2• The mean total tree height was 17.68 m, with a 
range from 2.37 to 51.63 m. The tallest Tuart were generally in the Ludlow region, 
with the tallest tree (51.63 m) found at site 46. The mean total canopy size was 31.35 
m, with a range from O (all branches fallen off) to 31.35 m. The mean inter-tree 
competition score was 0.531, with most sites scoring less than 0.15. 
There were no significant differences in tree size measures between canopy 
condition groups (A and B) and geographic regions (1 to 4). The exception was for 
inter-tree competition, which was significantly lower in group A sites compared to 
group B sites (Mann-Whitney X2 = -2.104, P = 0.033). Inter-tree competition was 
also significantly lower in the Yalgorup region (3) compared to other regions 
(Kruskal-Wallis X2 = 10.906, d.f. 3, P = 0.012). 
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Figure 4.3 - The mean number of Tuart per hectare ± S.E. for each 
geographical region (1 to 4), in different DBH size classes. 
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Figure 4.4 - The mean number of Tuart per hectare ± S.E. for each canopy 
condition group (A and B), in different DBH size classes. 
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Table 4.6 - Significant Spearman RHO correlations between the number of 
Tuart per hectare with a DBH of less than 10 cm and all other environmental 
factors. Correlation coefficient (r5) and probability level (P) given. Significant 
correlations denoted by * at P<0.05 and ** at P<0.01 (n = 46). 
Environmental factors Ts p 
Soil iron content .340 .032* 
% soil texture > 1000 µm .366 .020* 
Study site latitude .490 .00 1 ** 
Distance to coast from study sites .381 .015* 
Litter depth .331  .037* 
Time since last fire - .331 .037* 
Air pollution calculation .358 .023* 
Distance to K winana industrial region -.325 .041 * 
Distance to edge of patch -.368 .019* 
% native within 400 km2 .321 .043* 
% water within 400 km2 -.32 1 .044* 
Time since anthropogenic land use disturbance .331 .037* 
Total tree height -.479 .002** 
Mean site basal area -.590 .000** 
Total canopy width -.466 .002** 
Mean site competition calculation -.502 .001** 
% annual rainfall change (pre/post 1994) -.461 .003** 
% winter rainfall change (pre/post 1 994) -.379 .016* 
% annual rainfall change (pre/post 1 976) .413 .008** 
Mean winter temp max .462 .003** 
Mean summer temp max .448 .004** 
Mean winter temp min .499 .00 1 •• 
Mean summer temp min .499 .00 1 ** 
Annual mean temp max .459 .003** 
Annual mean temp min .478 .002** 
Dewpoint 0700 winter .350 .027* 
Dewpoint 1500 summer .341  .03 1 *  
Dewpoint 0700 annual .328 .039* 
Evaporation winter .489 .00 1 •• 
Evaporation summer .491 .001 ** 
Evaporation annual .491 .001 •• 
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Figure 4.5 - Sites' mean basal areas ± S.E. Sites with significantly larger mean 
basal areas than other sites are noted with 'A'. Vertical dashed lines indicate 
geographic region boundaries and study sites code are in order of latitude from 
north to south. 
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Figure 4.6 - Sites' mean total tree heights ± S.E. Sites with significantly taller 
mean total tree heights than other sites are noted with 'A'. Vertical dashed lines 
indicate geographic region boundaries and study site codes are in order of 
latitude from north to south. 
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Figure 4.7 - Sites' mean total canopy sizes ± S.E. Sites with significantly larger 
mean canopy sizes than other sites are noted with 'A'. Vertical dashed lines 
indicate geographic region boundaries and study site codes are in order of 
latitude from north to south. 
0.5000 
Kruskal-Wallis 
o.4500 +---- - - - - - ---1-- - - - ----t---- - - x2 = 31 3,248 
d.f. 45, 
0.4000 +--- - - - - - ----1-- - - - ----t--- - - p = <0.001 
.§ 0.3500 = 
! A ; 
i ,:: ::: 
f 0.2000 +--- - - - - - ----+--------t---- - - - - - --!-011----
1 0.1 500 � _ _  __.,A _ _ _ _ _  _____, _ _ _ _ _  __,  ___ _ __ - - ---'----"--"'-- ---1 
A 
Northern Metro (1 ) Southern Metro (2) Yalgorup (3) Ludlow (4) 
Study site codes 
Figure 4.8 - Sites' mean inter-tree competition scores ± S.E. Sites with 
significantly greater inter-tree competition scores than other sites are noted with 
'A'. Vertical dashed lines indicate geographic region boundaries and study site 
codes are in order of latitude from north to south. 
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There were no significant correlations found between stand structure 
measurements and canopy condition (Table 4.7). However, weak correlations were 
found between individual tree basal area and canopy condition measures (n = 1432). 
Canopy width reduction was found to be positively correlated with increasing basal 
area for canopy completeness (Rs = .074, P = .003), canopy width reduction (Rs = -
.065, P = .007), and the adapted canopy condition score (Rs = .137, P = .000). 
Table 4.7 - Spearman's RHO correlations of stand structure factors and canopy 
condition measures. The correlation coefficient (rs) and probability level (P) are 
given. CC = canopy completeness, CSR = canopy width reduction, HR = canopy 
hight reduction and ACCS = adapted canopy condition score. 
Stand structure 
cc CSR HR ACCS 
measures 
r, p r, p r, p r, p 
Mean site DBH .049 .746 -.066 .661 . 1 69 .262 . 1 5 1  . 3 1 5  
Mean site basal area -.042 .782 -. 1 73 .249 .075 .622 .025 .870 
Mean site inter-tree competition score .064 .67 1 .025 .868 . 14 1  .350 . 143 .342 
Mean site total canopy size .061 .689 -. 1 25 .409 .214 . 152 .079 .600 
Mean site total tree height . 1 1 7  .437 . 1 30 .388 .224 . 1 35  . 1 84 .221 
No. tree/ha .058 .700 .274 .058 -.079 .601 .055 .7 14  
No. trees/ha with DBH <10 cm -.090 .55 1 .092 .545 - . JOO .508 -. I 1 3  .455 
No. trees/ha with DBH >10 cm .040 .791 .241 . 1 06 -.063 .677 .054 .720 
No. trees/ha with DBH >50 cm .028 .854 -.008 .959 .003 .982 . 1 1 6 .441 
4.4.2 Landform Factors 
4.4.2.1 Geography and topography 
The mean distance to the coast from sites was 3.32 km, with a range from 
0.47 to 7.82 km. The mean elevation of sites was 10.7 m, with a range from O to 55 
m. The mean slope was 3.3 °, with a range from O to 25 °. Most sites had a northern 
aspect (n = 13), however, little detectable slope occurred at many sites with a 
northern aspect. There was no significant difference between aspect groups (north, 
south, east and west) and canopy condition measures. Elevation was significantly 
greater in the northern metropolitan region ( 1 )  compared to other regions (Kruskal­
Wallis X2 = 17.257, d.f. 3, P = 0.001). No other significant differences in geographic 
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and topographic measures were found between canopy condition groups (A and B) 
and geographic regions (1 to 4). 
4.4.2.2 Geology and soil association 
Study sites were associated with 14 geomorphic units. Most sites were 
associated with calcareous sand (n = 18), Safety Bay sand (n = 5) and Tamala 
limestone (predominantly sand) (n = 6). The remainder of sites were associated with 
various types of sand (n = 4) and occasionally peaty or silty geomorphologic units. 
Study sites were also associated with 23 soil types. Most sites were associated with 
soil types described as: low hilly to gently undulating terrain, yellow sand over 
limestone at 1 to 2 m (n = 5); flat to gently undulating sand plain with shallow to 
moderately deep siliceous yellow-brown and grey-brown sands with minor limestone 
outcrop (n = 5); and various other silicious-calcareous sands and limestone dune­
ridge derived soils. In addition, study sites were associated with four landform types, 
including: the Spearwood dune system (n = 35); Quindalup dune system (n = 7); 
Bassendean dune system (n = 3); and Moore River plateau (n = 1). 
There were no significant differences in canopy condition measures between 
either the main geology or soil association groups. However, group A sites were 
generally associated with shallow soil types, although this was not exclusive. The 
depth to soil resistance measure provided no evidence to suggest shallower soils 
were associated with canopy decline. The mean depth to soil resistance was 36 cm, 
with a range from 9.66 cm to 84.88 cm. 
4.4.2.3 Soil properties 
The mean soil nitrate nitrogen content of soils was 15.5 mg/kg, with a range 
from 1 to 114 mg/kg. The mean ammonium nitrogen was 5.4 mg/kg, with a range 
from 1 to 12 mg/kg. The mean phosphorus was 12.34 mg/kg, with a range from 4 to 
40mg/kg. The mean potassium was 53 mg/kg, with a range from 15 to 185 mg/kg. 
The mean sulphur was 11.12 mg/kg, with a range from 2.5 to 44.9 mg/kg. The mean 
extractable iron was 429 .9 mg/kg, with a range from 112 to 1323 mg/kg. The mean 
pH H20 (pH CaCli in brackets) was 8.2 (6.4), with a range from 5.8 (4.8) to 8.2 (7.6). 
The mean soil conductivity was 0.1586 dS/m, with a range from 0.02 to 0.57 dS/m. 
The mean organic carbon content was 2.6 percent, ranging from 0.9 to 6.28 percent. 
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Particle size distribution of the topsoil consisted of approximately 90 percent very 
coarse or medium sand, and showed little variation between sites (Figure 4.9). 
There were a number of significant differences in soil properties between 
geographic regions (1 to 4) and canopy condition groups (A and B). The percentages 
of gravel (fraction >2000 µm) (Kruskal-Wallis X2 = 8. 1 81, d.f. 3, P = 0.042) and 
coarse sand (fraction 2000 to 1000 µm) (Kruskal-Wallis X2 = 11 .184, d.f. 3, P = 
0.0 1 1 )  were significantly greater in the southern metropolitan region (2) compared to 
other regions. Soil nitrate nitrogen content (Kruskal-Wallis x2 =14.608, d.f. 3, P = 
0.002) and water repellency (Kruskal-Wallis X2 = 8.238, d.f. 3, P = 0.041) were 
significantly lower in the Yalgorup region (3) compared to other regions. The 
percentage of fine soil (fraction 250 to 63 µm) was significantly greater in group A 
compared to group B sites (Mann-Whitney U-test X2 = -2.2 18, P = 0.025). 
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Figure 4.9 - Particle size distribution between sites, showing percentage weight of 
sediment within each of the particle size categories (µm). The legend in the figure 
shows the diameter for size classes. Vertical dashed lines indicate geographic 
region boundaries and study site codes are in order of latitude from north to 
south. 
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There were a number of weak correlations between landform factors and 
canopy condition measures (Table 4.8). Weak correlations are considered rs = 0.20 to 
0.39 (Fowler et al. , 1998). The correlations found suggest some relationship between 
canopy condition and soil texture (Figure 4.9, Figure 4.10, Figure 4.1 1 ,  and Figure 
4. 12) as well as distance to the coast (Figure 4.13). 
Table 4.8 - Spearman's RHO correlations of landform factors and canopy 
condition measures. The correlation coefficient (rs) and probability level (P) are 
given. Significant correlations are denoted with * at P = <0.05 and ** at P = 
<0.01 (n = 46). CC = canopy completeness, CSR = canopy width reduction, HR 
= canopy height reduction and ACCS = adapted canopy condition score. 
Landform measures cc CSR HR ACCS 
r, p r, p r, p r, p 
Soil nitrate nitrogen .059 .697 . 198 . 1 86 .000 .999 . 1 73 .249 
Soil ammonium nitrogen -.251 .093 -.069 .646 -. 1 89 .208 -.263 .078 
Soil phosphorus -.007 .962 -.009 .955 .03 1 .840 .01 5  .922 
Soil potassium -.072 .634 .053 .728 -.055 .716 -.041 .785 
Soil sulphur -.032 .834 .035 .81 8  -. 1 23 .414 .044 .769 
Soil organic carbon -.035 . 8 16  .034 .820 -. 163 .280 .038 .800 
Soil iron -. 19 1  .204 .037 . 807 -.249 .095 -. 1 58 .294 
Soil conductivity -.026 .862 .036 .8 14 - . 160 .289 .022 .886 
Soil pH (CaC!i) . 165 .273 .027 .860 -.094 .533 . 105 .486 
Soil pH (H,O) .263 .077 .073 .629 -.029 .849 . 146 .332 
% soil texture > 2000 µm .3 1 1  .035* .369 .01 2* . 1 38  .361 .307 .038* 
% soil texture 2000 to 1000 µm -.032 .835 . 193 . 199 -.013 .934 .048 .749 
% soil texture 1000 to 250 µm .262 .079 . 16 1  .286 .298 .044* .272 .067 
% soil texture 250 to 63 µm -.364 .013* -.284 .056 -.351 .017* -.382 .009** 
% soil texture < 63 µm - . 193 . 1 99 -.071 .638 -.062 .684 -.2 1 1 . 160 
Soil water repellency .270 .070 .266 .074 . 1 99 . 185 .276 .064 
Soil depth to resistance .042 .783 .050 .741 .058 .699 .033 .825 
Study sites longitude . 197 . 1 8 8  . 1 38 .359 . 120 .425 .060 .694 
Study sites latitude .062 .68 1 .057 .705 . 137 .363 -.075 621 
Study sites distance to coast - .319 .03 1 *  -.057 .705 .014 .925 -.367 .012* 
Study sites elevation .032 .830 -.004 .981 .212 . 156 .02 1 .891 
Study sites slope -.290 .05 1 -.032 .831 -.095 .530 - . 1 3 1  .387 
Study sites aspect . 1 4 1  .349 -.001 .994 -. 1 7 1  .254 .049 .746 
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Figure 4.10 - Percentage of gravel sized soil fraction plotted against canopy 
completeness with line of best fit (numbers refer to study sites codes). The 
regression line equation shows the Spearman's RHO r-value. 
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Figure 4.11 -Percentage of medium sized soil fraction plotted against percentage 
tree height reduction with line of best fit (numbers refer to study sites codes). The 
regression line equation shows the Spearman's RHO r-value. 
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Figure 4.12 - Percentage fine sized soil fraction plotted against canopy 
completeness with line of best fit (numbers refer to study sites codes). The 
regression line equation shows the Spearman's RHO r-value. 
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of best fit (numbers refer to study sites codes). The regression line equation shows 
the Spearman's RHO r-value. 
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In total 210 taxa were recorded across the Tuart distribution. Native taxa 
included 21 grasses, 71 shrubs, 33 herbs, 9 creepers, 11 trees, and 1 others taxa 
(bryophytes). Exotic taxa included 13 grasses, 8 shrubs, 35 herbs, 3 creepers, 4 trees 
and 1 other taxa. The mean percentage cover per site of exotics was 20.2 percent and 
natives 87.9 percent. The mean percentage cover per site of trees was 0.8 percent, 
shrubs 21.2 percent and herbs 15.1 percent. Exotics taxa accounted for 63 taxa (30 
percent) and native taxa accounted for 147 taxa (70 percent), with varying ratios of 
exotics to natives recorded at different sites across the distribution (Figure 4.14). The 
mean diversity indices were 1.9 (Shannon) and 0.7 (Simpson) across the Tuart 
distribution. Full taxa lists are available from the author. 
Compared to other regions, the Yalgorup region (3) had significantly lower 
percentage cover of exotic taxa (Kruskal-Wallis X2 = 13.902, d.f. 3, P = 0.003) and 
exotic taxa as a percentage of total abundance (Kruskal-Wallis X2 = 13.342, d.f. 3, P 
= 0.004). The percentage cover of herb taxa (Kruskal-Wallis X2 = 7.907, d.f. 3, P = 
0.048), the abundance of shrub taxa (Kruskal-Wallis X2 = 9.096, d.f. 3, P = 0.028), 
and shrub taxa as a percentage of total abundance (Kruskal-Wallis (X2 = 9.280, d.f. 3, 
P = 0.026) were also significantly lower in the Yalgorup region (3) compared to 
other regions. In addition compared to other regions, the Yalgorup region (3) had 
greater native taxa as a percentage of total abundance (Kruskal-Wallis X2 = 11.230, 
d.f. 3, P = 0.011). 
Compared to group B sites, group A sites had significantly lower percentage 
cover of exotic taxa (Mann-Whitney U-test X2 = -2.675, P = 0.005); abundance of 
exotic herb taxa (Mann-Whitney U-test X2 = -2.677, P = 0.005); and exotic taxa as a 
percentage of total abundance (Mann-Whitney U-test X2 = -2.480, P = 0.011). Also 
compared to group B sites, group A sites had significantly greater native taxa as a 
percentage of total abundance (Mann-Whitney U-test X2 = -2.431, P = 0.012). In 
addition compared to other regions, the Ludlow region (4) had significantly lower 
percentage cover of shrub taxa (Kruskal-Wallis X2 = 11.595, d.f. 3, P = 0.009). 
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4.4.3.1 Ordination and Classification 
Ordination by NMDS and hierarchical agglomerative clustering analysis 
identified five understorey community types (Figure 4.15 and Figure 4.16). SIMPER 
analysis of these community types suggests high exotic taxa representation in all 
community types (Table 4.9). No significant differences were found between 
community types and their canopy condition measures. Nor was there any significant 
difference in community composition between canopy condition groups (ANOSIM 
Global r = -0.027, P = 60.9 percent). However, significant compositional differences 
between geographic regions (Global r = 0.289, P = 0.1 percent) and community 
types (Global r = 0.692, P = 0.1 percent) were found. 
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Figure 4.14 - Percentage of exotic taxa and native taxa at each study site. 
Vertical dashed lines indicate geographic region boundaries and study sites codes 
are in order of latitude from north to south. 
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Stress: 0.26 
4 
24 
Figure 4.15 - NMDS of sites based on a Bray-Curtis similarity matrix of square 
root transformed percentage cover data of all taxa recorded. The small numbers 
represent study site codes. Suggested community types are circled and labelled 
with the large numbers (1 to 5) 
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Figure 4.16 - Hierarchical agglomerative clustering analysis based on Bray 
Curtis similarity matrix of square root transformed, percentage cover data for all 
taxa recorded at study sites. The dashed horizontal line shows the threshold of 20 
% used to help suggest community types. Numbers of suggested community type 
are shown along the bottom horizontal line. Study site numbers are shown above 
this line. 
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Table 4.9 - Taxa that characterise each identified community type. The 
percentage contribution of each taxa to community type similarity is shown in 
brackets. 
Description 
1 Sites mostly in urban reserves with some exotic weed invasion and no A. flexuosa. 
Myrsiphyllum asparagoides (/5.04), Hardenbergia comptoniana (/3.18), Geranium mol/e (9.97), Anagallis arvensis 
var. arvensis (8.68), Hypochaeris glabra (8.68), Rhamnus alatemus (8.68), Acacia eye/ops (8.47), Dianella revoluta 
(8.05), Euphorbia pep/us (5.68), Daviesia divaricata (4.99), Conostylis candicans (4.34). 
2 Metropolitan sites with high level of exotic weed invasion and no A. jlexuosa. 
Lagurus ovatus (13.84), Avena fatua (13.24), Hypochaeris glabra (Jl.96), Ehrharta /ongiflora (8.63), Juncus spp. 
(holoschoenus)(7.41), Anagallis arvensis var. arvensis (7. 14), Euphorbia peplus (5.47), Hardenbergia comptoniana 
(5.27), Briza maxima (5.05), Clematis microphylla (4.14), Templetonia retusa (3. 70), Centella asiatica (3.27), Acacia 
saligna (2. 73), Bromus diandrus (2.51 ), and Pelargonium capitatum (2.22). 
3 Southern sites with relatively diverse understorey composition and lots of A jlexuosa. 
Agonisflexuosa, (84.97), Spyridium globulosum (l.88), Templetonia spp. (campestre) (/.49), ?.antedeschia aethiopica 
(l.30), Templetonia retusa (0.92), Hypochaeris glabra (0.89), Euphorbia peplus (0.67), Anagallis arvensis var. 
arvensis (0.64), Hardenbergia comptoniana (0.54), Hibbertia amplexicaulis (0.52), Lepidosperma costa/e (0.45), and 
Avena fatua ( 0.45 ). 
4 Northern sites with no A. jlexuosa and relatively diverse understorey. 
Eucalyptus calophylla (28.48), Xanthorrhoea preissii (22.31). Hypochaeris glabra (/5.94), Hardenbergia 
comptoniana (9.16), Tetragonia implexicoma (4.82), Trifo/ium spp. (campestre) (3.48), Hakea /issocarpha (2.25), 
Phyllanthus calycinus (/.98), Acacia pulchel/a (/.95), Macrozamia riedlei (/.06), Hibbertia hypericoides (0.98), and 
Banksia grandis (0.98). 
5 Southern sites with high diversity, good understorey composition but less Ajlexuosa. 
Briza maxima (20.02), Macrozamia riedlei (15.27), Agonis flexuosa (14.54), Hibbertia hypericoides (12.37), 
Xanthorrhoea preissii (12.03), Banksia attenuata (4.94), Trifolium spp. (campestre)(4.61). Avena fatua (2.35), 
Hypochaeris glabra (2.05), Rhagodia baccata subsp. dioica ( 1.50), Watsonia bulbillifera ( 1.20), Ursinia anthemoides 
(l. ll), Phyllanthus calycinus (1.07). Spyridium globu/osum (1.04), Lagurus ovatus (0.80), and Hardenbergia 
comptoniana (0. 79). 
4.4.3.2 Correlations 
There were a small number of weak correlations between understorey factors 
and canopy condition measures (Table 4.10). The weak correlations found suggest 
some link between the abundance of different life-forms (exotic shrubs, total exotics, 
native grasses and creepers) and canopy condition. Few species contributed to these 
counts; therefore they have not been graphed. 
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Table 4.10 - Spearman's RHO correlations of understorey factors and canopy 
condition measures. The correlation coefficient (rs) and probability level (P) are 
given. Significant correlations are denoted with * at P = <0.05 and ** at P = 
<0.01 (n = 46). CC = canopy completeness, CSR = canopy width reduction, HR 
= canopy height reduction and ACCS = adapted canopy condition score. 
Understorey measures cc CSR HR ACCS 
rs p rs p rs p rs p 
Abundance of grass exotics -.016  .916 -.007 .961 -.051 .734 -.007 .965 
Abundance of shrub exotics .214 . 153 .302 .041 * -.029 .848 . 1 56 .300 
Abundance of herb exotics .072 .633 .090 .55 1 . 1 8 1  .228 . 174 .249 
Abundance of creepers exotics -. 133  .379 -. 162 .282 -.059 .697 -.102 .500 
Abundance of tree exotics .027 .860 .083 .585 .002 .987 . 1 1 7  .440 
Abundance of other exotics .055 .716 .230 . 125 .205 . 1 7 1  . 3 14  .034* 
Abundance of exotic species. .093 .539 . 1 0 1  .506 . 123 .41 4  . 177 .240 
Exotic taxa as a % of total abundance .035 . 8 17  .038 .804 . 126 .402 . 152 . 3 13  
Abundance of grass natives -.062 .682 -. 165 .272 -.398 .006** -.201 . 1 8 1  
Abundance of shrub natives .023 .881 .072 .633 .050 .741 - . 105 .487 
Abundance of herb natives .093 .539 .223 . 1 37 . 1 1 2  .459 .202 . 178 
Abundance of creepers natives .299 .044* . 173 .251 .043 .777 .099 .5 1 4  
Abundance of  tree natives -.025 .871 .027 .856 -.072 .636 .076 .614 
Abundance of other natives . 106 .485 -.036 .8 1 1  -.05 1 .735 . 1 8 1  .230 
Abundance of native species. .098 .516 . 147 .329 .022 .883 -.0 19 .899 
Native taxa as a %  of total abundance .002 .987 -.0 18  .904 -. 1 39 .357 - . 1 2 1  .425 
Total % cover of exotics . 1 7 1  .257 . 1 48 .325 . 1 72 .253 .247 .098 
Total % cover of natives .249 .095 .220 . 141  .004 .980 .228 . 1 27 
Total % cover of trees -.092 .543 -.047 .756 -. 145 .337 -.052 .733 
Total % cover of shrubs .060 .692 . 14 1  .35 1 .088 .560 .014 .925 
Total % cover of herbs . 159 .292 .244 . 102 .207 . 167 .283 .05 
Species richness (total no. species) . 1 28 .398 . 1 36 .369 .055 .7 18  .076 .615 
Shannon diversity . 172 .253 . 168 .263 .143 .345 .206 . 170 
Simpson diversity .096 .525 . 102 .501 . 1 03 .497 . 145 .336 
Mean % cover of A. jlexuosa . I l l  .641 .333 . 1 5 1  -.018 .940 .091 .704 
Mean abundance of A.jlexuosa -.082 .588 -. 1 77 .239 -. 1 98 . 1 87 -.030 .845 
4.4.4 Climatic Factors 
4.4.4.1 Rainfall 
A north-south rainfall gradient was found across the Tuart distribution, with 
an overall mean annual rainfall of 852 mm/yr. Rainfall ranged from 725 mm/yr (at 
Seabird UCL) to 952 mm/yr (at Yalgorup National Park, off Long road) (Figure 
4.17). Mean summer rainfall varied only slightly across the distribution with a mean 
of 174 mm/yr annum, with a range from 147 to 195 mm/yr. The mean winter rainfall 
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did vary across the distribution with a mean annual winter rainfall of 677 mm/yr, 
with a range from 578 to 757 mm/yr. 
Significantly greater rainfall occurred in the Yalgorup geographic region (3) 
compared to other regions, for summer (Kruskal-Wallis X2 = 39.43 1 ,  d.f. 3, P = 
0.000), winter (Kruskal-Wallis X2 = 38.743, d.f. 3, P = 0.000) and annual rainfall 
(Kruskal-Wallis X2 = 38.670, d.f. 3, P = 0.000). Also significantly greater rainfall 
occurred in group A sites compared to group B, for summer (Mann-Whitney X2 = -
3.036, P = 0.001), winter (Mann-Whitney X2 = -3.099, P = 0.001) and annual rainfall 
(Mann-Whitney X2 = -3.099, P = 0.001). 
4.4.4.2 Rainfall change 
Depending on periods of rainfall compared, the degree of rainfall change 
varied (Figure 4.18). The mean annual rainfall change from 1986 to 1993 compared 
to 1994 to 2002 was -2.3 percent, with a range from -11.3 to + 10.0 percent. Mean 
winter rainfall change from 1986 to 1993 compared to 1994 to 2002 was -7.2 
percent, with a range from -13.5 to + 2.9 percent. The mean annual rainfall change 
from 1925 to 1975 compared to 1976 to 2002 was -9.0 percent, with a range from -
12.9 to -5.4 percent. The mean winter rainfall change from 1925 to 1975 compared to 
1976 to 2002 was -12.6 percent, with a range from -15.5 to + 8.0 percent. The mean 
rainfall change from the 100 years mm rainfall change map was -22 percent, with a 
range from -25 to 1 5  percent. 
Significantly greater rainfall decline was found in the northern regions (1 and 
2) compared to southern regions (3 and 4), for both winter (Kruskal-Wallis X2 = 
38.783, d.f. 3, P = 0.000) and annual (Kruskal-Wallis X2 = 35.825, d.f. 3, P = 0.000) 
rainfall change from 1986 to 1993 compared to 1994 to 2002. Compared to other 
regions the greatest winter rainfall change from 1925 to 1975 compared to 1976 to 
2002, was in the southern metropolitan region (2) (Kruskal-Wallis X2 = 10.154, d.f. 3, 
P = 0.017). Compared to other regions the Ludlow region ( 4) had the greatest annual 
rainfall change from 1925 to 1975 compared to 1976 to 2002 (Kruskal-Wallis X2 = 
27.017, d.f. 3, P = 0.000). For the 100 years mm rainfall change, significantly 
(Kruskal-Wallis X2 = 27.324, d.f. 3, P = 0.000) lower rainfall decline was found in 
the northern metropolitan region (1) compared to other regions. Compared to group 
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B sites, group A sites had significantly lower rainfall change compared to group B, 
for annual (Mann-Whitney X2 = -2.088, P = 0.036) and winter (Mann-Whitney X2=-
2.772, P=0.004) rainfall from 1986 to 1993 compared to 1994 to 2002. Also 
compared to group B sites, group A sites had significantly lower winter rainfall 
change from 1925 to 1975 compared to 1976 to 2002 (Mann-Whitney X2 = -2.153, P 
= 0.030). 
4.4.4.3 Temperature 
Similar trends for mean annual, summer and winter minium and maximum 
temperatures were found across the Tuart distribution (Figure 4.19). Significantly 
higher mean temperatures were found in the northern region (1) progressively 
decreasing towards the Ludlow region (4) in the south. This trend was seen with: 
maximum annual (Kruskal-Wallis X2 = 40.792, d.f. 3, P = 0.000); minimum annual 
(Kruskal-Wallis X2 = 35.866, d.f. 3, P = 0.000); maximum summer (Kruskal-Wallis 
X2 = 39.703, d.f. 3, P = 0.000); minimum summer (Kruskal-Wallis X2 = 35.510, d.f. 3, 
P = 0.000); maximum winter (Kruskal-Wallis X2 = 41.180, d.f. 3, P = 0.000); and 
minimum winter temperatures (Kruskal-Wallis X2 = 30.893, d.f. 3, P = 0.000). 
Between canopy condition groups (A and B) there were no significant differences in 
temperature measures. 
4.4.4.4 Dewpoint 
There was some variation in dewpoint gradients across the Tuart distribution 
(Figure 4.20). The mean 7 am dewpoint varied from 9.2 °C in winter to 12.1 °C in 
summer. The mean 3 pm dewpoint ranged from 10 °C in winter to 13 °C in summer. 
Both 7 am and 3 pm dewpoint varied within a range of± 2 °C across the distribution. 
Dewpoints at 7 am were significantly higher in the southern metropolitan (2) and 
Yalgorup region (3) compared to other regions for: winter (Kruskal-Wallis X2 = 
19.124, d.f. 3, P = 0.000); summer (Kruskal-Wallis X2 = 10.008, d.f. 3, P = 0.018); 
and annual dewpoint (Kruskal-Wallis X2 = 10.583, d.f. 3, P = 0.014). Dewpoints at 3 
pm were significantly lower in the Yalgorup region (3) compared to other regions, 
for: winter (Kruskal-Wallis X2 = 14.516, d.f. 3, P = 0.002); summer (Kruskal-Wallis 
X2 =14.632, d.f. 3, P = 0.002); and annual dewpoint (Kruskal-Wallis X2 = 12.913, d.f. 
3, P = 0.005). Compared to group B, group A sites had a significantly higher 3 pm 
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winter (Mann-Whitney X2 = -2.867, P = 0.003) and annual dewpoint (Mann-Whitney 
x2 = -2.216, P = 0.021). 
4.4.4.5 Evaporation rate 
There was a gradual decrease in evaporation rates across the Tuart 
distribution with latitude from north to south (Figure 4.21). The mean annual 
evaporation rate was 147.4 mm/month, with a range from 121.2 to 173.1 mm/month. 
The mean winter evaporation rate was 76.1 mm/month, with a range from 64.5 to 
85.5 mm/month. The mean summer evaporation rate was 198.3 mm/month, with a 
range from 161.7 to 235.6 mm/month. Evaporation rates were highest in northern 
regions (1 and 2) and progressively lower towards the southern regions (3 and 4) for: 
annual (Kruskal-Wallis X2 = 41.342, d.f. 3, P = 0.000); winter (Kruskal-Wallis X2 = 
41.347, d.f. 3, P = 0.000); and summer evaporation rates (Kruskal-Wallis X2 = 
41.347, d.f. 3, P = 0.000). Between canopy condition groups (A and B) there were 
no significant differences in evaporation rates. 
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Figure 4.17 -Mean winter, summer and annual rainfall at study sites. The legend 
shows rainfall sampling periods. Vertical dashed lines indicate geographic region 
boundaries and study site codes are in order of latitude from north to south. 
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Figure 4.18 -Measures of percentage annual and winter rainfall change at study 
sites. The legend shows the rainfall change periods. Vertical dashed lines indicate 
geographic region boundaries and study site codes are in order of latitude from 
north to south. 
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Figure 4.19 - Mean annual, summer and winter temperatures across the Tuart 
distribution. The legend shows temperature sampling periods. Vertical dashed 
lines indicate geographic region boundaries and study site codes are in order of 
latitude from north to south. 
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Figure 4.20 - Mean annual, summer and winter dewpoints at study sites. The 
legend shows the dewpoint sampling periods. Vertical dashed lines indicate 
geographic region boundaries and study site codes are in order of latitude from 
north to south. 
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Figure 4.21 - Mean annual, summer and winter evaporation at study sites. The 
legend shows the evaporation periods. Vertical dashed lines indicate geographic 
region boundaries and study site codes are in order of latitude from north to 
south. 
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There were a small number of weak to modest correlations found between 
climatic factors and canopy condition measures (Table 4.11 ). The strongest 
correlation suggests increasing percentage height reduction is linked to increasing 
rainfall (Figure 4.22). 
Table 4.11 - Pearson Product Momentum correlations of climatic factors and 
canopy condition measures. The correlation coefficient (rs) and probability level 
(P) are given. Significant correlations are denoted with * at P = <0.05 and ** at 
P = <0.01 (n = 46). CC = canopy completeness, CSR = canopy width reduction, 
HR = canopy height reduction. 
Climatic measures cc CSR HR 
R p r p r p 
Mean winter rainfall -.325 .028* -.359 .014* -.405 .005** 
Mean summer rainfall - .317 .032* -.327 .027* -.369 .01 2* 
Mean annual rainfall -.325 .028* -.354 .016* -.399 .006** 
% rainfall change (pre/post 1976) -.097 .522 -. 120 .428 -.204 . 1 73 
% winter change (pre/post 1976) -.22 1 . 141  -. 1 95 . 1 94 -.224 . 1 34 
% rainfall change (pre/post 1994) -.255 .087 -.261 .080 -.264 .077 
% winter change (pre/post 1976) -.243 . 1 04 - . 165 .274 -.252 .092 
I 00 years mm rainfall change . 158  .295 .21 1 . 160 .280 .060 
Mean winter temp. maximum . 1 32 .381 . 1 50 .320 .216 . 1 58  
Mean summer temp. maximum . 1 13 .455 . 138  .361 .243 . 103 
Mean winter temp. minimum . 169 .263 .044 .773 .060 .694 
Mean summer temp. minimum . 143 .343 .073 .630 .08 1 .593 
Annual mean max temperature . 1 17 .438 . 1 38 .362 .236 . 1 14 
Annual mean min temperature . 1 54 .308 .064 .674 .078 .608 
Mean dewpoint 0700 winter -.091 .545 .095 .530 .098 .5 16 
Mean dewpoint 0700 summer -.094 .536 .083 .582 .030 .843 
Mean dewpoint 1500 winter -. 17 1  .256 - . 132 .381 -. 198 . 1 87 
Mean dewpoint 1500 summer -.015 .920 -.0 19  .902 -.095 .529 
Annual mean dewpoint 0700 -. 1 1 0 .465 .083 .585 .065 .669 
Annual mean dewpoint 1500 -.091 .546 -.069 .648 - . 140 .353 
Mean evaporation winter . 1 1 0  .466 .095 .530 . 160 .287 
Mean evaporation summer . 1 1 8 .435 . 1 1 2  .460 . 1 96 . 1 9 1  
Mean annual evaporation . 1 17 .440 . 1 09 .47 1 . 190 .205 
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Figure 4.22 - Mean annual winter rainfall plotted against percentage height 
reduction with line of best fit (numbers refer to study sites codes). The regression 
line equation shows the Spearman's RHO ,-value. 
4.4.5 Hydrological Factors 
4.4.5.1 Groundwater depth 
Mean depth to groundwater across the Tuart distribution varied depending on 
method of measurement, but was generally around 8.5 m (Table 4.12). There were 
significant differences found for all groundwater depth measures between geographic 
regions (Table 4.12). Generally the greatest depth and seasonal fluctuation of 
groundwater was found in the northern regions (1 and 2), with decreasing depth and 
seasonal fluctuation moving southwards (Figure 4.23). No significant differences 
were found between groundwater depth measures and canopy condition groups (A 
and B). 
4.4.5.2 Groundwater depth change 
Hydrographs of all study sites monitoring bores showed high variation over 
time in depth to groundwater, with a general, long-term trend of increasing depth to 
groundwater (Appendix 5). Hydrographs of group A sites groundwater depth showed 
a long-term trend of increasing depth to groundwater. However, in the short-term 
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(since 1994) a slight decrease in depth to groundwater was also found in some group 
A sites, although this was still part of the long-term trend of increasing depth to 
groundwater (Appendix 5). 
Comparisons between summer groundwater depths found most sites have 
experienced a gradual increase in depth to groundwater since 1986 (Figure 4.24). 
The greatest increase in depth to groundwater was generally in the northern regions 
( 1  and 2), although all regions showed considerable increase in depth to groundwater 
(Table 4.12). The mean groundwater depth change from 1986 to 1993 compared to 
1994 to 2002, showed an increase in depth to groundwater at all study sites. The 
Yalgorup region (3) had the greatest mean percentage increase in depth to 
groundwater, although this was not significant. 
4.4.5.3 Groundwater chemistry 
Patterns in groundwater chemistry were difficult to determine due to the 
shortage and high variability of data. However, significantly greater conductivity and 
alkalinity (pH and CaC03) were found in the Yalgorup region (3) and group A sites 
compared to other regions and group B sites (Table 4.13). Rate of conductivity 
change data was only available for the southern regions ( 1  and 2), but was also 
significantly greater in the Yalgorup region (3) and group A sites, compared to the 
Ludlow region and other sites (Table 4.13). 
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Table 4.12 - Mean and ranges of groundwater depth and depth change. 
Kruskal-Wallis test for difference between geographic regions (1-4, d.f. = 3) is 
provided. Significant correlation are denoted with * at P = <0.05 and ** at P = 
<0.01. Data source Water and Rivers Corporation (1999; 2003). 1 based on line 
of best fit. 
Tuart distribution Geographic 
Depth measures 
Mean Min Max x2 p 
Mean depth (2002-1999) (m) 46 8.58 0.94 40.61 8.96 .030* 
Winter depth (2002) (m) 46 8.55 0.02 40.72 9.90 .019* 
Summer depth (2002) (m) 46 8.99 1 .3 I 40.8 9.65 .022* 
Seasonal fluctuation (2002-2002) (m) 46 0.43 -0.62 1 .93 8.52 .036* 
Depth (all years of data) (m) 46 8.3 0.6 40. 1 10.43 .015* 
Mean summer depth ( 1986-1993) (m) 46 8.6 I . I  40. 1 8.40 .038* 
Mean summer depth ( 1994-2002) (m) 30 7.4 1 .3 40.4 1 3.69 .003** 
Summer depth ( 1994) (m) 45 6.6 1 .2 40.2 7.55 .056* 
Summer depth ( I 986) (m) 32 7.7 1.0 40. 1 1 5.93 .001 •• 
Depth from the groundwater Atlas (m) 17  12.8 0. 1 36. 1 7.5 1 .006** 
Annual rate of change1 (m/yr) 46 -0. 1 - 1 .77 0.07 5.73 . 1 25 
Summer rate of change1 (m/yr) 44 -0. 18 - 1 .00 3.00 7 . 19 .066 
Diff. summer 2002 and 1994 (m) 45 0. 1 7  -0.34 0.82 I 1 .772 .008** 
Diff. summer 2002 and 1986 (m) 32 0.35 -0.35 0.82 10.013 .018* 
Diff. summer 1994 and 1986 (m) 32 0. 1 8  -0.40 0.50 1 3.77 .003** 
% change in summer depth from 1986-1993 30 6.74 0 25.00 5 .77 . 123 
to 1994-2002 
Table 4.13 - Mean groundwater chemistry data with ranges for study sites. 
Kruskal-Wallis test for significance difference between geographic regions 
(geographic) (d.f. = 3) and Mann-Whitney U-test for significance difference 
between canopy condition groups (canopy) are shown. Significant correlations 
are denoted by * at P = <0.05. 
Chemistry Tuart distribution Geographic Canopy 
measures n Mean Min Max x 2 p x2 p 
Mean alkalinity (mg/L) 34 212.2 2 402 9.285 0.026** -2.277 0. 196 
Mean conductivity (µS/m) 32 28.5000 3 .6000 128.4000 1 1 .788 0.008** - 1 . 3 15  0.019* 
Mean hardness (mg/L) 37 3 1 3.9 3.50 12 15.70 6.677 0.83 - 1 .299 0. 194 
Mean pH 38 7.3 2.9 1 1 .7 12.5175 0.006** -2.071 0.037* 
Mean conductivity change 1 5  3844.000 -32608.0 43478 - 1 .802 0.088 -0.525 0.600 
(regression) (µS/m yr) 
Mean conductivity change 17  557741 -30000 3 179000 -2.369 0.004** -2.277 0.019* 
(2002 to first) (µS/m yr) 
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Figure 4.23 -Summer and winter depth to groundwater (2002) at study sites. The 
legend in the figure shows the depth measures. Vertical dashed lines indicate 
geographic region boundaries and study site codes are in order of latitude from 
north to south. 
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Figure 4.24- Groundwater depth change (difference) between summer lows 1986 
to 1994 and 1994 to 2002 at study sites. The legend in the figure shows the depth 
measures. Vertical dashed lines indicate geographic region boundaries and study 
site codes are in order of latitude from north to south. 
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No significant correlations were found between canopy condition measures 
and groundwater depth or depth change measures, even when analysis was only 
completed on data subsets considered more reliable (Table 4.14). However, a number 
of weak to modest correlations were found for groundwater chemistry measures 
(Table 4.14). Extremes (outlier's  sites 44 and 46) were removed from the pH dataset 
with no affect on the rs, and are consider anomalous. Significant and modest rs 
correlations have been plotted showing greater canopy decline is correlated with 
increasing pH and conductivity of groundwater, as well as increasing rates of 
conductivity increase in groundwater (Figure 4.25, Figure 4.26 and Figure 4.27). 
Analyses of acceptable quality sites confirmed all correlations and improved 
the overall r5• This was except for pH against canopy completeness which was not 
found to correlate in subsets. For the subset of sites less than 2 km from bores a 
modest/strong correlation was found between increasing conductivity and increasing 
percentage height reduction (rs = -.689, n = 16, P = 0.003). This was further 
confirmed with the removal of cautionary sites (sites with bores deemed unreliable) 
(rs = -.799, n = 14, P = 0.001), as well as analysis of sites less than 1 km from bores 
(rs = -.927, n = 7, P = 0.003). 
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Table 4.14 -Spearman's RHO correlations of groundwater factors and canopy 
condition measures. The correlation coefficient (rs) and probability level (P) are 
given. Significant correlations are denoted with * at P = <0.05 and ** at P = 
<0.01 (n = 46 unless stated otherwise). CC = canopy completeness, CSR = 
canopy width reduction, HR = canopy height reduction and ACCS = adapted 
canopy condition score. 
Groundwater measures cc CSR HR ACCS 
n rs p rs p rs p rs p 
Mean depth (2002- 1999) (m) 46 .024 .875 -.062 .680 .005 .976 -.020 .897 
Winter depth (2002) (m) 46 .048 .749 -.054 .722 -.026 .864 -.021 .888 
Summer depth (2002) (m) 46 .036 .8 15  -.055 .717 -.032 .835 -.0 16 .915 
Seasonal fluctuation (2002-2003) (m) 46 -.092 .545 -.069 .65 1 -.075 .61 8 -.049 .745 
Mean depth for all years (m) 46 -.055 .7 15  -. 128 .398 .007 .963 -.076 .616 
Mean summer depth ( 1986-1993) (m) 46 .025 .867 -.070 .642 .005 .97 1 -.019  .903 
Mean summer depth ( 1 994-2002) (m) 30 .025 .896 -. 1 10 .564 .064 .737 -.0 14 .942 
Summer depth ( 1994) (m) 45 -.054 .727 -. 1 1 3  .459 -.041 .787 -.080 .603 
Summer depth ( 1986) (m) 32 -.037 .839 -. 1 76 .335 -.0 1 3  .942 -.061 .741 
Groundwater Atlas derived depth 1 7  .072 .783 - .142 .586 -.273 .289 . 150 .567 
(2003) (m) 
Annual rate of depth change (all years) 46 . 1 33 .380 .05 1 .735 -. 1 1 6  .444 .219 . 144 
(m/yr) 
Summer rate of depth change (all 44 . 122 .430 -.0 12 .938 -.049 .75 1 .223 . 1 45 
years) (m/yr) 
Diff. in summer depths 2002 to 1994 45 .033 .829 .099 .5 1 8  .2 16 . 153 -.036 . 8 13  
(m) 
Diff. in summer depths 2002 to 1986 32 .089 .629 .205 .260 .097 .597 .047 .797 
(m) 
Diff. in summer depths 1994 to 1986 32 . 152 .405 .327 .067 -.042 .819 . 160 .383 
(m) 
Diff. in mean summer depths 1986- 30 -.075 .693 . 154 .417 -.085 .657 -.066 .730 
1 993 to 1994-2002 (m) 
Mean alkalinity (CaC03) 34 -.250 . 154 -.271 . 1 2 1  -.208 .237 -.330 .057 
Mean conductivity (µs/m) 32 -.241 . 1 84 -. 193 .289 -.5 10 .003** - . 197 .279 
Mean hardness (µs/m) 37 -. 148 .38 1 .047 .782 -. 1 62 .339 .082 .630 
Mean pH 38 -.391 .015* -.241 . 146 -.208 .209 -.363 .025* 
Conductivity change (regression) 1 5  -. 165 .556 -. 1 12 .692 .005 .985 -.052 .854 
(µs/m) 
Conductivity change (2002 to first) 1 7  - .514 .035* -.5 1 4  .035* -.538 .026* -.6 16 .008** 
(µs/m) 
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Figure 4.25 - Mean conductivity of groundwater against percentage height 
reduction with line of best fit (numbers refer to study sites codes). The regression 
line equation shows the Spearman's RHO r-value. 
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Figure 4.26 -Mean pH of groundwater against percentage canopy completeness 
with line of best fit (numbers refer to study sites codes). The regression line 
equation shows the Spearman's RHO r-value. 
- 145 -
0 � :q 
! 4@1 
! 43 
c - 1  0 1 --------
.2 39 
ti 
::::s -20 -
"C 
.C -30 ·-
#- -40 
-50 
31 
29 
32 
I 
Environmental Correlates and Tuart Decline 
Chapter 4. 
27 
30 
26 
X = -1 0.48 + -0.00 * Y 
f5 = -.538 
0 1 000000 2000000 3000000 
Conductivity change (µs/m) 
Figure 4.27 -Rate of conductivity change ( change from latest and oldest reading) 
against percentage height reduction with line of best fit (numbers refer to study 
sites codes). The regression line equation shows the Spearman's RHO r-value. 
4.4.6 Fire Regimes Factors 
Fire history data was difficult to find for many sites and was often based on 
field estimations. The mean time since fire was 14 years across the distribution with 
a range from 2 to 30 years (the maximum limit imposed) (Figure 4.28). Most sites 
were found to have low fire frequency. Time since fire was significantly shorter in 
the northern metropolitan region (1) and longest in the Ludlow region (4) (Kruskal­
Wallis X2 = 7.907, d.f. 3, P = 0.048). Fire frequency was highest in the northern ( 1 )  
and southern metropolitan region (2) compared to other regions (Kruskal-Wallis X2 = 
14.361, d.f. 3, P = 0.002). Between canopy condition groups (A and B) there were 
no significant differences in fire regime measures. 
Litter was used as an indicator of fire frequency and time since fire. The 
mean litter depth was 4.4 cm, with a range from 0.33 to 20 cm. The mean percentage 
litter cover was 28.4 percent, with a range from 0.2 to l 00 percent. Between 
geographic regions (1 to 4) and condition groups (A and B) there were no significant 
differences in litter measures. 
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Figure 4.28 - Time since fire at study sites. Vertical dashed lines indicate 
geographic region boundaries and study site codes are in order of latitude from 
north to south. 
4.4.6.1 Correlations 
There were no significant correlations between fire measures and canopy 
condition measures (Table 4.15). To check the accuracy of fire regime factors, 
correlation analyses between fire regime factors were completed. Fire frequency and 
time since fire were found to be strongly correlated (rs = 0.599, n = 46, P = 0.000), 
but litter cover and depth were not found to correlate strongly to other fire regime 
factors. 
Table 4.15 - Spearman's RHO correlations of fire regime factors and canopy 
condition measures. The correlation coefficient (rs) and probability level (P) are 
given (n = 46). CC = canopy completeness, CSR = canopy width reduction, HR = 
canopy height reduction and ACCS = adapted canopy condition score. 
Fire regime factors cc CSR HR ACCS 
r, p r, p r, p r, p 
Litter depth . 1 37 .364 . 140 .355 -. 1 4 1  .35 1 .086 .568 
Li tier percentage cover . 1 32 .38 1 . 126 .404 .083 .583 . 175 .244 
Time since last fire event -.009 .953 -.0 1 9  .903 .079 .60 1 . 1 1 7  .439 
Fire frequency -.239 . 1 1 0  -. 1 12 .459 - . 1 77 .240 -.082 -.588 
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4.4.7.1 Anthropogenic disturbance index 
The mean time since anthropogenic disturbance at study sites was 36 years, 
which ranged from O to 100 years (upper limit imposed). The most common (mode) 
score for study sites past level of anthropogenic disturbance was six (disturbed, 
selective harvest in past or modification). The most common (mode) score for study 
sites most recent anthropogenic disturbance was one (no effective disturbance and 
natural). There was significantly lower past anthropogenic disturbance in the 
southern metropolitan (2) and Yalgorup region (3), compared to other regions 
(Kruskal-Wallis X2 = 8.182, d.f. 3, P = 0.042). There was no significant difference in 
anthropogenic disturbance between canopy condition groups (A and B). 
4.4.7.2 Fragmentation 
Fragmentation was found to be least in the southern regions ( 1 and 2) and 
greatest in the northern regions (Table 4.17 and Figure 4.29). Significant differences 
supporting this lower fragmentation in the southern regions (3 and 4) compared to 
the northern regions (1 and 2) included: the fragmentation index (Kruskal-Wallis X2 = 
19.459, d.f. 3, P = 0.000); the perimeter of the external patch (Kruskal-Wallis X2 = 
8.689, d.f. 3, P = 0.034); the perimeter of the internal patch surrounded by heavily 
cleared land (Kruskal-Wallis X2 = 12.791, d.f. 3, P = 0.005); the external patch 
area/perimeter ratio (Kruskal-Wallis X2 = 10.060, d.f. 3, P = 0.018); and the 
percentage of remnant native vegetation within 400 km2 of study sites (Kruskal-
Wallis X2 = 8.525, d.f. 3, P = 0.036). No significant differences in fragmentation 
measures between canopy condition groups (A and B) were found. 
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Table 4.16 -Mean, maximum and minium fragmentation measures. 
Fragmentation factors Mean Min Max 
Distance to edge (km) 0.30 0.01 4. 1 9  
Combined distance to edges (km) 2.54 0.34 8.86 
Perimeter of external patch (km) 32.24 0.67 1 09.87 
Area of external patch (km2) 20.79 0.02 76.30 
External patch, area/perimeter ratio 0.5049 0.03 1 .3 1  
Perimeter of internal patch (km) 7.30 0.67 23.48 
Area of internal patch (km2) 3.68 0.00 16.57 
Internal patch, area/perimeter ratio .3381 0.01 0.98 
Perimeter of internal patch: heavily cleared (km) 1 .04 0.00 7 . 12  
Perimeter internal patch: moderately cleared (km) 2.76 0.00 14.32 
Perimeter internal patch: lightly cleared (km) 0.69 0.00 16.40 
Perimeter internal patch: native (km) 2.76 0.00 16.85 
Time since fragmentation (years) 73.80 5.00 1 00.00 
% native land cover within 400 km2 20.82 3.00 45.00 
% water cover within 400 km2 32.21 5.00 66.00 
% cleared land cover within 400 km2 46.95 1 7.00 79.00 
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Figure 4.29 -Percentage land use of the surrounding 400 km2 at study sites. The 
legend in the figure shows the three categories of land cover. Vertical dashed lines 
indicate geographic region boundaries and study site codes are in order of 
latitude from north to south. 
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4.4.7.3 Correlations 
There were no significant correlations found between anthropogenic 
disturbance factors and canopy condition measures (Table 4.17). 
Table 4.17 -Spearman's RHO correlations between anthropogenic disturbance 
factors and canopy condition measures. The correlation coefficient (rs) and 
probability level (P) are given (n = 46). CC = canopy completeness, CSR = 
canopy width reduction, HR = canopy height reduction and ACCS = adapted 
canopy condition score. 
Fragmentation indicators cc CSR HR ACCS 
r, p r, p r, p r, p 
Time since disturbance . 196 . 1 9 1  . 140 .354 -.049 .745 .064 .672 
Disturbance magnitude -.077 .613  -.094 .534 . 1 54 .306 .080 .596 
Current disturbance level . 1 1 6 .441 .053 .728 .037 .809 .083 .585 
Connectivity attribute -.276 .064 - . 145 .335 -. 104 .494 -. 1 75 .244 
Surround land use attribute -.256 .086 -. 168 .264 -.088 .561 - . 1 72 .253 
Time since fragmented attribute -. 103 .494 -.037 .808 -.097 .522 -.059 .695 
Isolation attribute - .105 .488 .017 .912 -.039 .797 -.034 .825 
Size attribute -. 1 15 .447 -.080 .597 -.23 1 . 1 23 -.074 .623 
Shape attribute -.061 .688 -.023 .880 - . 160 .288 -.043 .774 
Vegetation condition attribute .015 .921 .075 .621 -.03 1 .836 -.044 .769 
Index total score . 147 .329 .042 .779 . 1 3 1  .384 .091 .549 
Distance to edge .067 .660 - . 103 .497 .064 .672 .053 .726 
Combined distance to edges . 12 1  .422 . 158  .294 .007 .961 . JOO . 5 1  I 
Perimeter of external patch -.229 . 125 - . 164 .275 - . 1 80 .232 -.246 . 100 
Area of external patch -. 1 50 .319 -.080 .596 -.093 .539 - . 174 .248 
External patch, area/perimeter ratio .007 .961 .063 .678 .048 .750 .038 .802 
Perimeter of internal patch -.055 .7 1 7  .043 .777 - . I  13  .456 -.059 .696 
Area of internal patch .019 .901 . JOI  .505 -.0 18  .904 .01 8  .905 
Internal patch, area/perimeter ratio . !03 .496 . 144 .340 .056 .7 13  . !03 .497 
Perimeter of internal patch: heavily cleared . 1 83 .224 . 1 24 .413 -.084 .579 . I  1 2  .459 
Perimeter of internal patch: moderately cleared .015 .920 . 1 88 .21 2  .062 .681 .087 .565 
Perimeter of internal patch: lightly cleared -.076 .617 -. 1 72 .253 .010 .945 -. 1 14 .452 
Perimeter of internal patch: native (uncleared) -.0 13  .932 -.074 .624 .080 .597 -. 123 .416 
Time since fragmentation -.275 .064 -.223 . 136 -. 1 84 .220 -.249 .095 
% native land cover within 400 km2 -. 124 .413 -.059 .695 .085 .574 -.237 . 1 1 3 
% water cover within 400 km2 . 193 . 199 -.073 .63 1  -. 142 .346 .212 . 157 
% cleared land cover within 400 km2 - . 125 .406 .079 .604 .058 .701 -.030 .843 
4.4.8 Pollution Factors 
Most measures of pollution indicate significantly greater pollution in the 
northern regions (1 and 2) compared to the southern regions (3 and 4) (Table 4.18). 
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Compared to group B sites, groups A sites were found to have significantly lower 
pollution (Figure 4.30). Table 4.19 summarises discussions with pollution experts at 
the Department of Environmental Protection (WA). 
Table 4.18 - Mean, maximum and minium measures for all study sites across 
the Tuart distribution with Kruskal-Wallis test for difference between 
geographic regions (1 to 4) (d.f. = 3) and Mann-Whitney U-test for difference 
between canopy condition groups (A and B). Significant correlations are 
denoted by * at P = <0.05 and ** at P = <0.01. 
Tuart distribution Geographic Canopy 
Pollution factors 
Mean Min Max x2 p x2 
Distance to sulphur sources score . 1 408 .0095 .4335 9.622 .022* -3.295 
Distance to Kwinana (km) 69.90 7.60 162.20 34.931 .OOO** -.326 
Air pollution sources score 0.1 294 0.0 1 0.42 1 1 .77 0.0 1** -3.246 
Water pollution sources score 0.1402 0.01 0.47 8.92 0.03* -3.229 
Land pollution sources score 0.1 687 0.01 0.87 7.60 0.05 -2.871 
Pollution interpolations scores combined 1 .3 152 0.22 4. 10 8.00 0.05* -3.066 
Distance to population centre (km) 8 .8817 0.00 3 1 .27 30.03 0.00** -3.049 
Distance to major road (km) J . J  770 0.05 5.63 4.78 0. 1 9  - J . J  75 
Distance to minor road (km) 0. 1972 0.01 1 .20 2.69 0.44 -0.621 
Pollution index 2.1 522 I .DO 5.00 1 1 .36 0.01 *  - 1 .586 
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Figure 4.30 - Combined score for air, water and land pollution scores at study 
site. Vertical dashed lines indicate geographic region boundaries and study sites 
codes are in order of latitude from north to south. 
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Table 4.19 - Summary of main findings relating to pollution from discussion 
with the DEP (Rye & Rayner, 2003. Pers. Comm.). 
Pollutant 
Fluorides 
Nitrogen dioxides 
Sulphur dioxide 
Fine particulates 
Ozone 
Acidic gases 
Description 
No problem to Tuart distribution, slight problem in Swan Valley due to brickworks (edge of 
range in north). Now being controlled. 
No problem to Tuart distribution, except possibly in Perth area and Kwinana. 
No problem to Tuart distribution, except Kwinana but still low (150 µg/m2). Standard not 
exceeded 99.9 percent of the time is 350 µg/m2• 
No problem to Tuart distribution, except Perth CBD and Kwinana, generally in areas of high 
population density. 40 to 50 µg/m2 daily average in worst areas, elsewhere 10 to 15 µg/m2. 
A problem in the Perth CBD and along the coast, and with peaks in the eastern suburbs. 
Ozone occurs offshore and is blown to the coast where it disperses, occasionally moving 
inland. Within 50 to 100 km of Perth 80 ppb is the maximum possible on rare occasions. 
Very low and controlled in Western Australia. Tight controls on factories although less on 
domestic sources. Maximum affect within I to 2 km of sources. 
4.4.8.1 Correlations 
There were a number of weak to modest significant correlations (Table 4.20), 
with increasing (sulphur, air, water and land) pollution associated with decreasing 
canopy decline (Figure 4.31). 
Table 4.20 - Spearman's RHO correlations of pollution factors and canopy 
condition measures. The correlation coefficient (rs) and probability level (P) are 
given. Significant correlations are denoted with * at P = <0.05 and ** at P = 
<0.01 (n = 46). CC = canopy completeness, CSR = canopy width reduction, HR 
= canopy height reduction and ACCS = adapted canopy condition score. 
Pollution indicators 
Distance to sulphur sources score 
Distance to Kwinana 
Air pollution sources score 
Water pollution sources score 
Land pollution sources score 
Combined pollution score 
Distance to population centres 
Distance to major road 
Distance to minor road 
Pollution index 
cc CSR 
rs p rs p 
-.359 .014* -.208 . 166 
-0. 122 .42 -0.048 .75 
-.334 .023* -.256 .085 
-.384 .008•• -.239 . 1 1 0  
-.429 .003*• -.223 . 136 
-.4 1 3  .004** -.205 . 172 
-.273 .067 -. 168 .263 
. I l l  .462 . 1 1 4 .449 
.091 .547 -.022 .885 
.241 . 1 07 . 107 .480 
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HR ACCS 
rs p rs p 
-. 1 19 .430 -.369 .012• 
0.033 .83 0.02 .89 
-. 1 76 .242 -.354 .016* 
-.2 16  . 150 -.375 .0 1 0• 
-.278 .061 -.335 .023* 
-.2 1 3  . 1 55 -.353 .0 16* 
-. 1 14 -.206 .452 . 1 69 
.032 .832 . 1 67 .266 
. 152 . 3 1 2  . 128 .398 
.087 .567 . 1 1 8  .435 
. 1 0 
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33 
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Level of pollution 
Figure 4.31 - The level of pollution at study sites from the combined pollution 
score (air, water and land sources), where O equals high pollution and 4 low 
pollution. Pollution is plotted against percentage canopy completeness with line of 
best fit (numbers refer to study sites codes). The regression line equation shows 
the Spearman's RHO r-value. 
4.4.9 Reduced Datasets Correlations 
Classification of group A sites in Chapter 3 suggested these sites were 
significantly different from group B sites in terms of their canopy condition. 
Following removal of group A sites, a number of significant correlations between 
environmental factors and canopy condition measures were identified (Table 4.21). 
Increasing canopy decline was associated with: increasing soil nitrate nitrogen; 
increasing distance from the coast; increasing levels of fragmentation; decreasing 
time since anthropogenic disturbance; decreasing abundance of native species; 
decreasing tree size; increasing rate of summer depth change (falling groundwater) 
and increasing depth change from 1994 to 1986 (falling groundwater). These 
significant correlations were not found when all study sites were investigated 
together. 
Hydrological factors were again analysed with subsets of sites, sites with 
bores that were considered more reliable indicators of groundwater conditions, as 
well as sites with bores at differing distances from sites. Following the removal of 
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less suitable sites the rs values for 'summer rate of depth change' (rs = 0.352, n = 33, 
P = 0.044) and the 'difference between summer depths in 1986 to 1994' were 
improved (rs = 0.542, n = 22, P = 0.009). 
Further subsets analysis was completed using a subset of sites less than 2 km 
from bores, correlations were found between increasing depth change from 1994 to 
1986 and increasing; canopy completeness (rs = 0.635, n = 14, P = 0.015), canopy 
width reduction (rs = 0.678, n = 14, P = 0.008) and adapted canopy condition score 
(rs = 0.644, n = 14, P = 0.014). Increasing height reduction correlated with increasing 
groundwater conductivity (from first recorded to most recent) (rs = -0.894, n = 5, P = 
0.041). Increasing adapted canopy condition score correlated with increasing 
groundwater hardness (rs = 0.513, n = 18, P = 0.029). In addition, increasing mean 
depth change (pre/post 1986) correlated with decreasing canopy completeness rs = 
0.548, n = 14, P = 0.043) and increasing canopy width reduction rs = 0.613, n = 14, P 
= 0.020). 
Table 4.21 - Significant correlations (P = <005) between environmental factors 
and canopy condition measures, with a reduced dataset of group B sites only. 
All correlation coefficients are Spearman's (rs) RHO except for * climatic 
factors where Pearson's correlation coefficient (r) was used. CC = canopy 
completeness, CSR = canopy width reduction, HR = canopy height reduction 
and ACCS = adapted canopy condition score (n = 46 unless otherwise stated). 
Environmental factors 
cc CSR HR ACCS 
rs p rs p rs p rs p 
Soil ammonium nitrogen -.353 .026 -.366 .020 
Study site distance to coast -.356 .024 -.4 19  .007 
Abundance of grass native species -.343 .030 
Abundance of creepers native species .331 .037 
Percentage cover of natives species .314 .048 
Perimeter of internal patch: heavy cleared -.322 .043 
Percentage native land cover within 400 km2 .330 .038 
Percentage cleared land cover within 400 km2 -.340 .032 
Time since disturbance .364 .021 
Total canopy size -.379 .016 
Total number of Tuart/ha .417 .007 
Total number of Tuart > JO cm .381 .015 
Summer rate of depth change (all years) (m/yr) (n = 25) .348 .030 
Diff. in summer depths 1994 to 1986 (m) (n = 27) .488 .010 
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Stepwise multiple linear regression (Equation 4.2) was completed on 
combinations of environmental factors (X) against each canopy condition measure 
(Y). Hydrological factors had missing data, so multiple regressions models were 
developed with only complete hydrological factors (Table 4.22), as well as with 
incomplete hydrological factors. In these cases missing values were replaced by the 
mean value for the particular factor (Table 4.23). Inspection of standardized residuals 
plots suggested all MLR models presented here have generally normal residuals 
distribution (Kery & Hatfield, 2003). 
Equation 4.2 
Where a = Y intercept, B = Regression coefficient of specific factor, and X1j = 
the /h observation of the factor. 
- 1 55  -
Environmental Correlates and Tuart Decline 
Chapter 4. 
Table 4.22 - Summary of stepwise multiple regression analyses preformed on 
canopy condition measures (d.f. = 45) with only complete hydrological datasets. 
*Some multicollinearity found despite careful model design. 
Adjusted 
r2 
Model 
P-value 
F-value Significant factors 
All sites: Environmental factors and percentage canopy completeness (Y)* 
.5 1 6  <0.001 1 0.582 X1 External fragment perimeter 
Xz Distance to sulphur sources score 
'X.:i Mean annual dewpoint at 3 pm 
� Perimeter of internal fragment native 
Xs Soil ammonium nitrogen 
Y=-296.677-.296(X1)- 1 3 1 .727(Xz)+33 .023(X3)+ 1 . 175(�)- l .81  l (Xs) 
Factor 
P-values 
<.001 
<.001 
<.002 
<.003 
<.022 
All sites: Physical environment factors only and percentage canopy completeness (Y)* 
.402 <0.001 8.563 X1 Mean winter rainfall <.046 
Xz Mean winter dewpoint at 7 am 
X3 Soil texture >2000 µm 
� Soil iron 
Y=-670.989-.259(Xi)-46.624(Xz)+2.49 1 (X3)-.003(�) 
Group B sites: Environmental factors and percentage canopy height reduction (Y) 
<.048 
<.048 
<.048 
.223 <0.004 6.586 X1 Perimeter of internal fragment heavily <.009 
anthropogenic 
Xz Percentage cover of trees <.0 10  
Y=-2.404-.846(Xi)-.449(Xz) 
Group B sites: Physical environment factors only and percentage canopy completeness (Y) 
. 1 84 <0.009 5 .407 X1 Soil ammonium nitrogen <.046 
Xz Soil pH <.048 
Y=34.775-l .37(X1)+5. 1 89(Xz) 
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Table 4.23 - Summary of stepwise multiple regression analyses preformed on 
canopy condition measures (d.f. = 45) including all hydrological datasets. *Some 
multicollinearity found despite careful model design. 
Adjusted 
r2 
Model 
P-value 
F-value Significant factors Factor 
P-values 
All sites: Environmental factors and percentage canopy height reduction ( Y) 
.530 <0.00 1 1 6.032 X1 Groundwater conductivity <.001 
X2 Soil texture >63 µm <.00 I 
X3 % groundwater depth change (mean pre/post <.003 
1 994) 
X-i Perimeter of internal fragment native <.01 1 
l'=l l .5 1 2-2.75(X1)-.333(Xz)-.773(X3)-.850(Xoi) 
All sites: Physical environment factors only and percentage canopy height reduction (Y) 
.46 1 <0.00 1 1 2.822 X1 Groundwater conductivity <.001 
Xz Soil texture >63 µm <.009 
� % groundwater depth change (mean pre/post <.0 14 
1994) 
l'=l l . 5 1 3-2.7 l (X1)-.279(Xz)-.646(X3) 
Group B sites: Environmental factors and percentage canopy width reduction ( Y) 
.4 1 0  <0.00 1 6.428 X1 Soil ammonium nitrogen <.002 
Xz Groundwater depth change ( 1994 compared to <.008 
1986) 
X3 % natives (mean pre/post 1 994) 
X-i Groundwater alkalinity 
Xs % trees 
<.023 
<.0 1 5  
<.01 7  
l'=72.598- 1 .906(X1)+20.245(Xz)+.0688(X3)-.034(X-i)-.897(Xs) 
Group B sites: Physical environment factors and percentage canopy completeness (Y)* 
.547 <0.001 7.73 1 X1 Soil ammonium nitrogen 
Xz Groundwater depth change ( 1994 compared to 
1986) 
X3 Soil pH 
X-i Groundwater alkalinity 
Xs Soil nitrate nitrogen 
Xu Soil sulphur 
X-, Soil depth to resistance 
l'=27. l 38- l .640(X1)+24. 1 29(Xz)+6.573(X3)-.065(Xoi)-.228(Xs)-.506('.4)+. l 74(X7) 
- 1 57 -
<.0 1 2  
<.001 
<.009 
<.001 
<.00 1 
<.0 1 2  
<.025 
Environmental Correlates and Tuart Decline 
Chapter 4. 
4.5 Discussion 
This discussion addresses environmental factors associated and correlated 
with Tuart canopy condition. Firstly individual relationships between canopy 
condition and environmental factors across the entire distribution are discussed in 
detail. Then individual findings are integrated into two hypotheses, that attempt to 
explain both severe canopy decline in the Yalgorup region (group A sites) and 
canopy decline across the rest of the Tuart distribution (group B sites). 
4.5.1 Stand Structure 
4.5.1.1 Recruitment 
Recent recruitment levels were found to be unrelated to levels of canopy 
decline. However, low recruitment was observed across the Tuart distribution, with 
typically less than 70 Tuart saplings found per hectare (based on the number of Tuart 
with DBHs of less than 10 cm and counts of saplings). Some of this low recruitment 
might perhaps be a result of sporadic recruitment events known to occur in Tuart 
(Ruthrof, 2001), for example following fire. However, a poor population structure 
was found across the distribution (Appendix two), and in many study sites virtually 
no recent recruitment was observed, particularly in the Ludlow region. Low 
recruitment has been previously reported by many studies across the Tuart 
distribution (Black, 1997; Bradshaw, 2000; Keene & Cracknell, 1972; Meney & Fox, 
1986; Ruthrof, 2001 ; Ward, 2000b ). Low recruitment can contribute to stand decline, 
particularly when trees with serious canopy decline are not being replaced (Podger, 
1980b). Therefore this low recruitment probably represents a widespread and 
progressive form of Tuart decline. 
Low recruitment of Tuart and other eucalypt species has been hypothesised to 
be associated with high competition from native and exotic flora, increased 
herbivory, low nutrient availability and too frequent or infrequent fire regimes 
(Florence, 1996; Fox & Curry, 1980; Gill, 1997; Gill & Ashton, 1968; Jasinska & 
Tholen, 2003; Ruthrof, 2001; Ruthrof et al. , 2002; Ward, 2000a, b). This study found 
evidence to support these studies, with low recruitment associated with: high 
understorey and inter-tree competition; low levels of soil nutrients (iron, sulphur and 
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litter); and increasing time since fire. Interestingly, low levels of recruitment were 
also found to be associated with increasing levels of anthropogenic disturbance 
(pollution, fragmentation and land use) and sites with larger trees. Both 
anthropogenic disturbance and larger tree sizes are dominant across the Tuart 
distribution, but have not previously been associated with low recruitment (Black, 
1997; Ruthrof et al., 2002; Ward, 2000b). Future studies should consider these 
environmental factors as possible causes of low recruitment. 
4.5.1.2 Stand density 
Canopy decline has been associated with the inherent susceptibility of dense 
stands that have high levels of allelopathy and competition for resources (Florence, 
1996; Jurkis, 2000; Jurkis & Turner, 2002; Stone, 1999). Despite this, this study 
found increasing levels of Tuart canopy decline correlated with decreasing stand 
density. However, this correlation was only found following the removal of severe 
canopy decline sites from analysis. This suggests that the severe canopy decline in 
the Yalgorup region is not associated with stocking densities, whereas canopy 
decline elsewhere is linked to stocking density of sites. Indeed, severe canopy 
decline at Yalgorup was observed in densely stocked sites, as well as single or small 
clusters of Tuart in paddocks. 
The fact that increasing canopy decline was found to be correlated with 
decreasing site stocking densities could be due to a number of reasons. The low 
stocking density of sites might indicate sites are less suitable for Tuart and therefore 
more susceptible to canopy decline; for example if a site is suitable for a species a 
greater abundance of the species would be expected. Canopy decline of E. marginata 
has been associated with sites less suitable for the species (Florence, 1996). 
Alternatively, as stocking density of Tuart at sites decreases, one might expect small­
scale edge effects to increase. Edge effects can alter many ecosystem processes that 
can contribute to canopy decline, such as increasing flora and fauna invasion, 
anthropogenic influences (air pollution), pathogen attack, as well as altering nutrient 
cycling, microclimates and hydrology (Debinski & Holt, 1998 ; Saunders et al. , 
1991). 
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This study found that mean tree size (basal area, total canopy extent and tree 
height) was not associated with canopy decline. However, following the exclusion of 
severe canopy decline sites greater canopy decline was found to be correlated with 
larger canopy sized Tuart. This suggest that severe canopy decline in the Yalgorup 
region is affecting all sizes of trees, but in other areas canopy decline is associated 
with sites with larger trees. Indeed, when all individual trees and canopy condition 
scores were analysed, greater canopy decline was found to be associated with 
increasing tree size. This result concurs with a number of other studies that report 
that canopy decline in the Yalgorup region is associated with all sizes of trees 
(Bradshaw, 2000; Longman & Keighery, 2002; TRG, 2002), but elsewhere it is 
mostly larger trees that are affected (Beard, 1967; Fox, 1981; Fox & Curry, 1980; 
Main & Serventy, 1957). 
Canopy decline predominately in larger trees could be because of 
overmaturity of trees (assuming large basal area means maturity). The overmature 
phase of eucalypts can last many decades and is characterised by fungal attack, 
lateral branch losses, short life (few years), epicormic foliage and a dilapidated 
canopy (Florence, 1981; 1996; Jacobs, 1955). Over-mature trees are also less 
responsive to environmental changes, with a decreased ability to recover from 
herbivory for example (Boardman, 1981; Florence, 1996; Jurkis & Turner, 2002). 
The Swan Coastal Plain has been subject to many changes since colonisation that 
might be stressing mature Tuart, such as altered fire regimes (Beard, 1995 ; Mockrin, 
2001; Powell & Keighery, 2002). 
4.5.1.4 Inter-tree competition 
High inter-tree competition has been hypothesised as the cause of canopy 
decline in Tuart (Bradshaw, 2000; Florence, 1996; Ruthrof, 2001; Ward, 2000b), as 
well as other species (MacGregor & O'Connor, 2002). Despite this, this study found 
no correlation between canopy decline and inter-tree competition scores. In contrast, 
low inter-tree competition scores were associated with severe canopy decline sites in 
the Yalgorup region. This is despite the suggestions that A. flexuosa is out-competing 
Tuart there (Bradshaw, 2000; Ward, 2000b). Therefore this study suggests inter-tree 
competition is not a cause of Tuart canopy decline across its distribution. 
- 1 60 -
4.5.2 Landform 
Environmental Correlates and Tuart Decline 
Chapter 4. 
4.5.2.1 Geography, topography, and geology 
Geography. Tuart canopy decline was found to increase with distance from 
the coast. This may be due to the preference of Tuart for the younger coastal soils, 
rather than the greater relief and absence of limestone of inland landforms (Semeniuk 
& Glassford, 1989). However, increasing distance from the coast was also correlated 
with many other environmental factors that might explain the increasing canopy 
decline including: increasing temperatures, seasonal groundwater fluctuation, 
stocking densities, fragmentation and soil ammonium nitrogen (Appendix 6). The 
latter is of interest, because high levels of soil nitrogen have been associated with 
more palatable foliage and thus greater herbivory in other studies (Landsberg, 1988; 
1990a, b, c; Landsberg & Wylie, 1983; Landsberg & Cork, 1997). 
Topography. Elevation, aspect and slope were not found to be associated 
with canopy decline. This result may be because there is little difference in 
topographic factors across the Tuart distribution, for example, Tuart occurs on 
landscapes that are generally low lying ( <5 m) and gently undulating (Brooker & 
Kleinig, 1990). Furthermore, Tuart canopy decline has been previously reported in 
many areas of the distribution regardless of topography (Chilcott, 1992; 1994; Fox, 
1981; Fox & Curry, 1980; Longman & Keighery, 2002; Piggot, 1994; Piggot & 
Loneragan, 1995; Powell & Emberson, 1981). 
Geology. Canopy decline has been hypothesised to be associated with 
particular geological factors (Longman & Keighery, 2002; Powell, 2003; Powell & 
Emberson, 1981). Tuart was found in this study to be associated with 14 sand 
geomorphological units, 23 soil types and four landform types. This is similar to 
those reported in previous studies (Brooker & Kleinig, 1990; Fox & Curry, 1980; 
Gardner, 1987; Keighery et al., 2002). There was no association between these 
geological factors and canopy decline; although soil depth may be important. 
Severe canopy decline sites were mostly, but not exclusively, found on soil 
types described as shallow (to limestone). This said, shallow soils are a characteristic 
of the Tuart distribution (Boland et al. ,  1984; Cunningham, 1998). Furthermore, no 
correlation between canopy condition and the soil depth to point of resistance 
measure was found. However, following the exclusion of severe canopy decline 
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sites, soil depth to point of resistance (along with other abiotic factors) was included 
in a number of multiple regression models. This evidence indicates soil depth is 
probably important to Tuart canopy decline, although the results of this study are not 
conclusive. More accurate methods of determining soil depth are probably required. 
If future research confirms the association between shallow soil depth and canopy 
decline one might hypothesise that root constraints due to a hardpan or bedrock 
(Florence, 1996; Wilde, 1958) may be increasing trees susceptibility to resource 
changes (Longman & Keighery, 2002). 
4.5.2.2 Soil Properties 
Soil nutrients. Soil nutrient enrichment and deficiency across the Tuart 
distribution has been hypothesised as a cause of Tuart canopy decline (Karschon, 
1963; Karschon & Hagin, 1963; Longman & Keighery, 2002; Ruthrof, 1997). 
Evidence in this study indicates severe canopy decline in the Y algorup region is 
associated with nutrient deficiency, whereas canopy decline elsewhere is associated 
with nutrient enrichment. 
Lower soil nitrate nitrogen was found in the Yalgorup region where most 
severe canopy decline was observed. Nitrate deficiency could cause canopy decline 
because it is an important constituent of many plant metabolites, such as amino acids, 
chlorophyll and co-enzymes (Attiwill & Adams, 1993; Dell et al. , 2001). Nitrate has 
been associated with Tuart canopy decline previously (Karschon, 1963; Karschon & 
Hagin, 1963; Ruthrof, 1997). Leaf purpling has also been observed in the Yalgorup 
region (DCLM, 2002; Longman & Keighery, 2002), which normally indicates a 
phosphorus deficiency (Dell et al. ,  2001). However, all soil nutrients were positively 
correlated with each other, so low nitrate probably indicates a general condition of 
nutrient deficiency (Appendix 6). 
There are numerous possible causes for the low nitrate, which suggest a 
detailed study into the nutrient cycles and its relation to Tuart canopy decline is 
required. Some possible causes of low nitrate include: lack of input (altered litterfall, 
fire regimes or stemflow); leaching (nitrate is easily leached); immobilisation 
(caused by drought); inhibition of decomposition; and lack of mineralisation 
(Attiwill & Adams, 1993; Keith, 1997; Raison, 1980; Raison et al. , 1993). 
Alternatively, the canopy decline itself may have reduced litterfall, causing low 
- 1 62 -
Environmental Correlates and Tuart Decline 
Chapter 4. 
nitrate levels. Litterfall is an important source of nutrients (Attiwill & Adams, 1 993; 
Keith, 1 997), and may have been reduced following canopy decline. Despite this, 
this study found no evidence that canopy decline is correlated to litter levels. 
Therefore canopy decline is unlikely to be the cause of low nitrate, unless a temporal 
lag in litterfall and soil nutrient content is obscuring the results. 
Following the exclusion of severe canopy decline sites from analysis, high 
levels of soil ammonium nitrogen were found to be positively correlated with canopy 
decline. This finding suggests severe canopy decline in the Y algorup region is not 
associated with nutrient enrichment, but canopy decline elsewhere may be. 
Ammonium was also highly correlated to other soil nutrients, so this may reflect a 
general nutrient problem (Appendix 6). Indeed, a number of multiple regression 
models explaining canopy decline variability, included sulphur, iron, ammonium, 
and nitrate (as well as other abiotic factors). High nutrient content of soils has been 
associated with the canopy decline of other species, because high levels of nitrogen 
are associated with increased foliar nutrient content that causes greater herbivory 
(Adams & Atkinson, 199 1 ;  Landsberg, 1988; 1990a, b, c; Landsberg & Wylie, 1 983; 
Landsberg & Cork, 1997; Reid & Landsberg, 1999). The causes of nutrient 
enrichment are numerous, some possibilities include air pollution, high rainfall, 
exotic flora invasions, altered fire regimes, runoff, domestic sewage seepage and 
increasing fragmentation (Longman & Keighery, 2002; Weathers et al. ,  2001 ). 
Future studies should investigate the tolerance of Tuart to nutrient deficiency, 
as it is a possible cause of severe canopy decline in the Y algorup region. Long-term 
monitoring of the soil nutrient status responses to canopy decline is also 
recommended, because of the possible lag between soil nutrient changes and canopy 
decline. The finding that nutrient enrichment is associated with canopy decline 
elsewhere, suggest foliar nutrient content of Tuart should also be investigated. 
Soil conductivity and pH. Soil conductivity and pH varied across the Tuart 
distribution, within limits previously reported in other studies (Fox & Curry, 1980; 
Gibson et al., 2002). Neither conductivity or pH were directly associated with 
canopy decline, despite their importance in controlling soil nutrient availability and 
association with other species canopy decline (Clarkson, 1 995; Gibson, 200 1 ; 
Morris, 1980; Slingsby & Cook, 1 986). However, pH may be important outside the 
Y algorup region. This is because soil pH and ammonium nitrogen were found to 
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jointly explain 18 percent of canopy decline variability, following the exclusion of 
severe canopy decline sites. The influence of pH on nutrient solubility and 
mycorrhizae may explain this finding (Keith, 1997). 
Soil water repellency. Severe to very severe soil water repellency was found 
across the Tuart distribution, according to the water repellency descriptions 
suggested by Moore et al (2004) scale. Significantly lower soil water repellency was 
found in the Yalgorup region (severe repellency) compared to other regions (very 
severe repellency). Repellency influences soil moisture absorption or retention 
(Blackwell, 2004), therefore it could be this that is facilitating canopy decline. The 
lower repellency in severe canopy decline sites could suggest lower soil moisture 
holding capacity, because of the lack of the 'dry mulch' effect and 'diversion flow 
process' that traps moisture in more repellent soils (Blackwell, 2004). Conversely a 
lower soil repellency can increase soil moisture, because water infiltrates faster into 
soils following rain (Blackwell, 2004). Further study using more detailed measures 
of soil repellency are recommended. 
Soil texture. Soils texture influences drainage and moisture storage in soils, 
and has been associated with the canopy decline of a number of Australian tree 
species (Reid & Landsberg, 1999). Approximately 90 percent of study site soil 
samples consisted of sands, from coarse to fine texture according to the Wentworth 
scale (McDonald et al., 1998). This is similar to Gibson et al (2002) who suggested 
95 percent of their Tuart soil samples were sands. 
Tuart canopy decline was found to be weakly correlated and associated with a 
number of soil size fractions. Decreasing proportions of coarse sand (>2000 µm), and 
to a lesser extent medium sand (1000 to 250 µm), were associated with decreasing 
canopy condition. The reverse was also true, with greater proportions of fine sand 
( <63 µm) associated with decreasing canopy condition. Furthermore, severe canopy 
decline sites were found to have significantly greater fine sand ( <63 µm) and less 
coarse sand (>2000 µm) compared to other sites. Both soil size fractions, together 
with other environmental factors were also included in a number of multiple 
regression models, developed to help explain canopy condition variability. 
Interestingly no correlations were found following the exclusion of severe canopy 
decline sites. 
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These results suggest severe canopy decline appears to be associated with 
finer soils, whereas elsewhere canopy condition is unrelated to soil texture. Finer 
soils are typically associated with slower infiltration rates, higher moisture content 
and erosion, when compared to coarse soils (Drohan et al. , 2002; Gerrard, 1981). In 
this study the majority of soil samples were sand, which is considered free draining, 
so moisture holding capacity is probably the influential factor (Gerrard, 1981). Tuart 
growing on finer soils may have less extensive and shallower root systems owing to 
the greater availability of soil moisture afforded by finer soils. Subtle changes in soil 
moisture levels may therefore have a greater effect on these trees compared to those 
on coarser soils. This is because trees on coarse soils may be more adapted to lower 
soil moisture condition. 
To fully understand the influence of soil texture on canopy decline, future 
studies should investigate the soil texture and moisture holding capacity of soils 
across a deep profile. An understanding of Tuart root architecture and plasticity 
would also contribute to a better understanding of the influence of soil structure on 
canopy decline. 
4.5.3 Understorey Composition 
The understorey vegetation of Tuart has been hypothesised as both a cause 
and an indicator of canopy decline (Beard, 1967; Bradshaw, 2000; Fox & Curry, 
1980; Fox & Dunlop, 1984; Meney, 1986; Piggot, 1994; Ward, 2000a, b). 
Understorey vegetation may contribute to canopy decline through increased 
competition for resources, as well as through altering functional aspects of the 
community, such as fire regimes and herbivore/pathogen populations (Ellis & 
Pennington, 1992; Florence, 1996; Jurkis, 2000; MacGregor & O'Connor, 2002; 
Stone, 1996). Alternatively understorey condition may reflect canopy decline 
through structural and composition changes resulting from the loss of the tree canopy 
(Fox & Dunlop, 1984; Meney, 1986). 
Compositional analysis identified five significantly different understorey 
floral communities. However, high stress was found in analysis which suggests not 
all the Tuart understorey communities were sampled fully. This is thought to be due 
to high floral diversity and existence of many communities across the Tuart 
distribution (Keighery et al., 2002; Keighery, 2002). These communities consisted of 
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210 taxa, comprising of 63 (30 percent) exotic taxa and 147 natives (70 percent) 
recorded from 62, 10 by 10 m quadrats. Other studies have found greater numbers of 
taxa associated with Tuart, for example Gibson et al (1994a) reported 560, taxa 
comprised of 161 (28 percent) exotic taxa and 414 (72 percent) native taxa recorded 
from 64 10 by 10 m quadrats. Despite differences in the magnitude of species 
present, the proportions of exotics to natives were similar, reflecting the high level of 
exotic flora invasion and degradation of Tuart communities (Keighery, 2002). High 
exotic invasion is suggested to be caused by the relatively nutrient rich soils of the 
Tuart distribution, past preference of Tuart woodlands for grazing, and frequent fire 
regimes used to encourage fodder growth (Keighery, 2002). 
There was little evidence found in this study that severe canopy decline sites 
in the Yalgorup region are associated with greater understorey degradation. For 
example, severe canopy decline sites were associated with significantly lower 
percentage cover and abundance of exotic taxa, and greater proportions of native 
taxa. Furthermore, analysis of understorey ordinations found no significant 
differences in species composition between canopy condition groups. Nor were any 
significant differences in canopy condition measures found between communities. 
Previous studies have also reported the Yalgorup region to have high floral diversity, 
as well as be more intact and less disturbed (Fox et al., 1980; Longman & Keighery, 
2002). For example Fox et al (1980) reported of 210 taxa identified in Tuart 
woodland in Yalgorup National Park only 13 percent were exotics. The only 
evidence to suggest canopy decline might be causing understorey degradation in the 
Y algorup region was that severe canopy decline sites were associated with 
significantly lower floral diversity scores. Loss of understorey floral diversity 
following canopy decline is a major concern where pathogens are causing canopy 
decline, because pathogens often affect understorey and canopy species (Shearer, 
1994; Wills & Keighery, 1994). 
There was some evidence that Tuart canopy decline elsewhere is associated 
with understorey degradation, similar to that reported in other studies (Beard, 1967; 
Fox, 1981; Fox & Curry, 1980; Fox & Dunlop, 1984; Meney, 1986; Piggot, 1994; 
Piggot & Loneragan, 1995; Ruthrof, 2001). For example, increasing canopy decline 
was found to be correlated with a decreasing abundance and percentage cover of 
native taxa, following the removal of severe canopy decline sites from analysis. The 
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loss of native tax.a following canopy decline, might be because Tuart (like other 
species) can be considered a keystone species (Chapter 1, Section 1.2.2), with a host 
of dependent flora and fauna (Heatwole & Lowman, 1986; Reid & Landsberg, 1999). 
Interestingly, canopy decline was also correlated with increasing abundance of native 
grass tax.a. This is likely to be because of the loss of competition from other taxa 
which is allowing grasses to dominate. Despite these correlations, caution must be 
taken with these interpretations as very few species and low cover formed these 
measures. 
Lastly, there also no evidence found in this study that increasing percentage 
cover and abundance of A. flexuosa is associated with canopy decline. Previous 
studies have hypothesised that dense stands of A flexuosa are out-competing Tuart 
and causing its canopy decline (Bradshaw, 2000; Ward 2000a, b). This finding 
concurs with Longman and Keighery (2002) who suggest Tuart canopy decline and 
A. flexuosa are not associated. 
In summary, understorey degradation does not appear to be related to Tuart 
canopy decline in the Yalgorup region, but evidence suggest it may be elsewhere. 
Future studies are recommended to complete more intensive sampling, because of 
the high diversity and numerous understorey community types associated with Tuart 
(Keighery et al. , 2002; Keighery, 2002; Keighery & Keighery, 2002). 
4.5.4 Climate 
4.5.4.1 Climatic gradients 
Climate conditions influence the inherent susceptibility of sites to canopy 
decline as well as suitability of species to sites (Busby, 1986; Florence, 1996). 
Therefore numerous canopy decline events in Australia have been associated with 
particular climatic conditions (Shea, et al., 1984; Shearer, 1994 ). Despite this, this 
study found no association between canopy decline and temperature or evaporation 
rate. However, rainfall and dewpoint varied across the Tuart distribution and showed 
some association with canopy decline. 
Increasing, rainfall (annual, winter and summer) was found to be correlated 
with increasing canopy decline. Severe canopy decline sites were also associated 
with significantly higher rainfall (annual, winter and summer) and 3 pm dewpoints 
- 167 -
Environmental Correlates and Tuart Decline 
Chapter 4. 
(winter and annual) compared to other sites. In addition, a number of multiple 
regression models found dewpoints (3 pm annual mean and 7 am winter mean) and 
winter rainfall (along with other abiotic factors), were important in helping to explain 
canopy decline variability. Interestingly no correlations were found following the 
exclusion of severe canopy decline sites. This suggests that severe canopy decline in 
the Yalgorup region is associated with high dewpoints and rainfall, whereas 
elsewhere canopy condition is less influenced by rainfall and dewpoints. 
The high rainfall and dewpoints associated with severe canopy decline sites 
suggests these sites may have a suitable niche for a pathogen or herbivore. For 
example, high rainfall areas are more susceptible to the pathogen P. cinnamomi that 
causes E. marginata canopy decline (Davison, 1994; Florence, 1996; Shearer, 1994 ). 
Alternatively the higher rainfall could mean the Tuart of the region are more 
susceptible to climatic change. This is because Tuart may have shallower roots that 
are more reliant on the rainfall in high rainfall areas. 
In summary, future studies should attempt to investigate the influence of 
rainfall and dewpoint on Tuart in severe canopy decline sites. It is also recommended 
that future studies attempt to identify biotic agents that might be causing canopy 
decline, which are facilitated by this higher rainfall and to a lesser extent higher 
dewpoints. 
4.5.4.2 Rainfall change 
It has been suggested that the rainfall of south-west western Australia has 
been declining since the 1930s (Davison, 1994; IOCI, 2002). Researchers believe 
this may have arisen from the enhanced greenhouse effect, and worsened by the 
increased frequency and intensity of the ENSO events (Hughes, 2003; IOCI, 2002). 
Therefore rainfall decline has been associated with many canopy decline events, and 
hypothesised as a cause of Tuart canopy decline (Fensham & Holman, 1999; 
Heatwole & Lowman, 1986; Longman & Keighery, 2002). 
This study predicted rainfall change at study sites as best as possible using 
interpolations of BOM data (BOM, 2003) and using a broad map of rainfall change 
(Jeffrey et al. , 2001). Long-term measures of rainfall change (1925 to 1975 
compared to 1976 to 2002, and the Jeffrey et al (2001) map) suggested rainfall 
declined across the Tuart distribution as observed in other studies (IOCI, 2002). 
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However, in the short-term (2002 to 1994 compared to 1993 to 1986) there was an 
increase in annual rainfall in the southern regions, although a decline in winter 
rainfall was found. Winter rainfall declined by the most in both long-term and short­
term comparisons, consistent with other studies (IOCI, 2002). 
Despite these findings of rainfall decline, there was no association between 
canopy decline and levels of rainfall change. For example severe canopy decline sites 
had significantly less long-term and short-term change in rainfall. This result concurs 
with other studies that suggest rainfall alone can not explain canopy decline 
(Fensham & Holman, 1999; Heatwole & Lowman, 1986; Longman & Keighery, 
2002; Reid & Landsberg, 1999). Therefore, if rainfall changes are causing canopy 
decline, other environmental factors must be increasing the susceptibility of Tuart. 
For instance, the shallow freshwater lens over a hypersaline aquifer in the Yalgorup 
region could be critical in enhancing the effect of rainfall change in severe canopy 
decline sites (Commander, 1988; Longman & Keighery, 2002). 
In summary, rainfall change does not appear to explain Tuart canopy decline 
at a regional or local scale. However, future studies should consider the influence of 
rainfall variability on Tuart in relation to the susceptible hydrosphere of severe 
canopy decline sites. 
4.5.5 Hydrology 
Tuart canopy decline hypotheses have suggested that depth, depth change and 
chemistry of groundwater might be responsible for causing, or increasing the 
susceptibility of trees to canopy decline (Commander, 2002; Longman & Keighery, 
2002; Mitchell, 2002; TRG, 2002). Measures were difficult to determine in many 
cases due to limited data sets and high variation, therefore some caution must be 
taken with interpretations. 
4.5.5.1 Depth to groundwater 
Depth to groundwater and seasonal fluctuation in depth to groundwater 
generally decreased with latitude from north to south. There was no correlation 
between Tuart canopy decline and depth to groundwater or seasonal fluctuation. This 
suggests that Tuart canopy decline is not associated with depth to groundwater. This 
result concurs with Commander (2002), whom suggests that Tuart in the Yalgorup 
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region, where the severe canopy decline was found, are not affected by depth to 
groundwater, with canopy decline observed in Tuart with varying depths to 
groundwater. Tuart may not be affected by depth to groundwater because they are 
known to be able to obtain water from considerable and varying depths (Jasinska & 
Tholen, 2003; Lamont & Lange, 1976; Longman & Keighery, 2002; OSL, 2001). 
4.5.5.2 Groundwater depth change 
Groundwater depth fluctuations have been hypothesised as the cause of 
canopy decline in Tuart (Longman & Keighery, 2002) and other species (Davidson, 
1995; Dodd & Heddle, 1989; Groom et al. , 200 1 ;  Groom et al., 2000; Heatwole & 
Lowman, 1986; Kite & Webster, 1989; Podger, 1980b ). Changes in depth to 
groundwater depth can cause canopy decline, because although tree roots can grow 
down to groundwater, root architecture is mostly set in young years (Eldridge et al. , 
1993; Jacobs, 1955). Long-term trends found depth to groundwater is increasing 
across the Tuart distribution, concurring with a number of other studies of the south­
west and Tuart distribution (IOCI, 2002; Longman & Keighery, 2002). Despite this, 
greater groundwater depth change was only found to be associated with canopy 
decline following the removal severe canopy decline sites. This suggests that severe 
canopy decline in the Y algorup region is not associated with groundwater change, 
but across the rest of the Tuart distribution it appears to be. 
The Yalgorup region has been previously suggested to have only been 
exposed to slight groundwater depth changes because of the low transmissibility of 
the underlying Tamala limestone, which regulates groundwater depth in the region 
(Commander, 2002). However, it is possible other environmental factors may be 
increasing the susceptibility of Tuart in the region to these groundwater depth 
changes. A number of multiple regression models for example, indicate that 
increasing depth to groundwater, in conjunction with other abiotic factors can help 
explain a major proportion of canopy decline. Other authors have suggested that the 
hydrological system of the region where severe canopy decline sites are found, is 
susceptibility to even small increases in depth to groundwater (Longman & 
Keighery, 2002). For example, the increase in depth to groundwater may have 
concentrated the salinity of a narrow freshwater lens over the hypersaline aquifer in 
the region (Lindsay, 2002; Longman & Keighery, 2002; Mitchell, 2002; TRG, 2002). 
This greater salinity may have made the freshwater lens unavailable to Tuart. 
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Elsewhere Tuart canopy decline was found to be correlated with rising 
groundwater levels prior to 1994, and long-term failing groundwater levels. These 
results suggest that a dynamic hydrological regime could be causing some regional 
scale canopy decline. Dynamic groundwater regimes, and in particular, falling 
groundwater levels have been associated with numerous canopy decline events 
previously (Longman & Keighery, 2002; Heatwole & Lowman, 1986). This is 
because trees roots systems are set in their young years, so any long-term or rapid 
changes can cause tree stress (Eldridge et al. , 1993 ). Possible causes of the 
groundwater depth changes across the Tuart distribution have been suggest in other 
studies, these include groundwater extraction (for pine plantations, agriculture and 
domestic supplies) and rainfall changes (Dodd & Heddle, 1989; George et al., 1995; 
IOCI, 2002; Kite & Webster, 1989; Longman & Keighery, 2002). Unfortunately, 
although subset analysis did confirm that rising groundwater levels prior to 1994 
were associated with canopy decline, evidence that long-term failing groundwater 
levels correlate with canopy decline was not found. In fact, subset analysis provided 
some unlikely correlations, which are not discussed because they are thought to 
represent poor data quality and quantity. It is therefore recommended that caution is 
taken with these interpretations until further investigation is completed. 
In summary, groundwater depth changes alone do not appear to explain 
severe canopy decline. However, other environmental factors may be important in 
influencing the effects of groundwater depth change as found in other studies (Jurkis 
& Turner, 2002; MacGregor & O'Connor, 2002), for example the unique hydrology 
in the Yalgorup region (Longman & Keighery, 2002). Elsewhere there is some 
evidence that an unstable groundwater regime is associated with canopy decline, 
although results require further investigation. Future studies also need to develop an 
understanding of the unique hydrology of severe canopy decline sites, and the 
influence of this on Tuart. 
4.5.5.3 Groundwater chemistry 
This study found a number of interesting relationships between groundwater 
chemistry measures and canopy decline, although caution should be taken with 
interpretation due to limited and high variability in datasets. Increasing groundwater 
alkalinity (both pH and CaC03), salinity (conductivity) and increasing rate of salinity 
change (conductivity change) were correlated with increasing levels of canopy 
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decline. For example, severe canopy decline sites had salinity (mean 6364 µSiem) 
three times that of other sites (mean 2043 µSiem). Interestingly, following the 
removal of severe canopy decline sites from analysis, groundwater chemistry was not 
found to be associated with canopy decline. This finding suggests that higher 
groundwater alkalinity, salinity and rate of salinity change are associated with severe 
canopy decline in the Yalgorup region, but not across the rest of the Tuart 
distribution. 
Groundwater chemistry affects the availability of groundwater, as well as 
moisture and nutrients in soils above the saturated zone (DAW A, 2001; Heard, 2000; 
Heatwole & Lowman, 1986; Klijn & Witte, 1999; Stirzaker et al. ,  2002). This is 
particularly important in areas of upward seepage (swamps/riparian areas), where 
groundwater has a dominate influence on vegetation composition and structure (Klijn 
& Witte, 1999). Despite this, no association between canopy decline and soil pH or 
salinity was found in this study, albeit only top soil was examined. Therefore it is 
probably the influence of groundwater chemistry on groundwater availability that is 
of concern to Tuart. This is because trees species are known to use groundwater 
when surface soils dry (Maitre et al. , 1999; Zenchich et al. ,  2002). If groundwater is 
unavailable due to high groundwater salinity or alkalinity, trees are likely to be 
stressed by drought or seasonal drying. Tuart on sites with high levels of 
groundwater alkalinity, salinity and salinity change are therefore likely to be 
susceptible to canopy decline. 
Severe canopy decline in the Yalgorup region has previously been associated 
with increasing and high levels of groundwater salinity (Commander, 2002; Lindsay, 
2002; Longman & Keighery, 2002; Mitchell, 2002; TRG, 2002). It is also known that 
the lakes (Lake Clifton) within the same area a severe canopy decline are increasing 
in their salinity levels (Knott et al, 2003). This increased salinity could be due to a 
number of processes, including: coastal saline groundwater intrusion into the region 
following groundwater abstraction; low groundwater recharge of freshwater due to 
low rainfall and subsurface flow; and effects of the Dawesville cut (Figure 3.19), 
which has increased salinity levels of the Peel Estuary a few kilometres to the north 
and east of the region (Gibson, 2001; Lindsay, 2002; Longman & Keighery, 2002; 
TRG, 2002). The sources of high alkalinity found in groundwater associated with 
canopy decline, could be due to seepage from industrial disposal ponds (none of 
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which are in the region) (Mudd et al. , 1998) or resulting from salinity (increased 
sodium, calcium and magnesium carbonates). 
Despite these findings, whether groundwater chemistry changes could cause 
Tuart canopy decline remains questionable. Foremost, it is not clear if salinity and 
alkalinity levels of groundwater are high enough to make groundwater unavailable to 
Tuart. For example the groundwater salinity in severe canopy decline sites is 
classified as moderate (DAW A, 2003a; Marcar et al. ,  1995) and Tuart are known to 
tolerate moderate salinity (<8000 µSiem) (Bulman, 1995; DAWA, 2003b; Morris, 
1980; Turnbull & Pryor, 1984 ). Furthermore the alkalinity of severe canopy decline 
sites (pH 7.5) was only slightly above the Tuart preference (pH 7.4), and under the 
known tolerance limit (pH 8.7) (Gibson et al., 2002). 
It is also not clear to what extent Tuart uses groundwater, particularly that for 
which salinity and alkalinity were measured in this study. Initial studies on Tuart 
groundwater usage in the Yalgorup region indicate groundwater used by Tuart is 
probably not salt affected (or in deficit) (Drake, 2004. Pers. comm.). Indeed, the 
typical descriptions of Tuart canopy decline particularly in the Yalgorup region are 
different from that of salt-induced canopy decline of other species. For example 
severe canopy decline is characterised by a receding canopy, epicormic foliage and 
stag headed trees, whereas salt induced canopy decline is characterised by slow 
growth, dead patches on leaves, and defoliation from the lower canopy upwards 
(Heatwole & Lowman, 1986; SAF, 1998). 
To summarise, groundwater chemistry changes are possible causes of severe 
Tuart canopy decline, but further research is required to investigate Tuart tolerance to 
groundwater salinity and alkalinity changes, as well as their water usage patterns. In 
particular, study is needed to understand the water usage of Tuart, specifically the 
degree to which Tuart is dependant on the freshwater lens over the hypersaline 
aquifer in the Y algorup region. 
4.5.6 Fire Regimes 
Altered fire regimes have been associated with the canopy decline of Tuart 
(Burrows, 1988; Fox & Curry, 1980; Keene & Cracknell, 1972; Ruthrof, 2001; 
Ward, 2000b) and other species (Jurkis, 2000; Jurkis & Turner, 2002). Despite this, 
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this study did not find any statistically significant associations between fire regimes 
measures and canopy decline, although some interesting findings were observed. 
Low fire frequency was found across the Tuart distribution, with the mean 
time since fire found to be 14 years. This concurs with other studies that suggest a 
low fire frequency is common across the Tuart distribution (Black, 1997; McCaw, 
2002; Powell & Keighery, 2002; Ward, 2000a, b). This is far less frequent than 
estimations of that prior to European settlement, considered to have been every three 
to four years (Black, 1997; Ward, 2000a, b). Low fire frequency might therefore be a 
force behind widespread canopy decline, because of the importance of fire in 
controlling environmental condition, for example stocking density, recruitment, 
understorey composition, pathogens, herbivory and soil condition (Hester & Hobbs, 
1992; Jurkis, 2000; Jurkis & Turner, 2002; Raison, 1980). 
High fire frequency was also generally observed in the more urbanised 
regions of the Tuart distribution, although it was not statistically proved. Frequent 
fire has been associated with the decline of both Tuart canopy and recruitment in 
urban areas (Beard, 1967; Fox, 1981; Fox & Curry, 1980; Main & Serventy, 1957; 
Ruthrof et al. , 2002). This is because too frequent fire can suppress sapling 
establishment, prevent sufficient fuel build-up for ash beds, and promote weed 
invasion (especially grasses) (Fox, 1981; Fox & Curry, 1980; Longman & Keighery, 
2002; Main & Serventy, 1957; Ruthrof et al. ,  2002). 
The failure to find any association between fire regimes and canopy decline is 
thought to be because records of fire regimes were very limited at most sites. Future 
studies into canopy decline and fire relations should therefore improve estimates or 
measures of fire regimes perhaps by preselection of study sites with regions of 
known fire histories, through Xanthorrhoea preissii analysis (Ward, 2000a) or 
though use of aerial photographs. 
4.5. 7 Anthropogenic Disturbance 
Fragmentation and anthropogenic disturbance have been hypothesised to be 
the cause of Tuart canopy decline (Beard, 1967; Fox, 1981; Fox & Majer, 1980; 
Kimber, 1980; Longman & Keighery, 2002; Main & Serventy, 1957; WAIT, 1981), 
as well as other species (Grey et al, 1998; Jurkis, 2000). This study found that 
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anthropogenic disturbance is associated with canopy decline, but not in severe 
canopy decline sites in the Yalgorup region. Severe canopy decline sites in the 
Yalgorup region were found to be less fragmented, less disturbed and more intact 
than other regions, which confirms other studies findings (Fox et al. , 1980; Longman 
& Keighery, 2002). Elsewhere greater canopy decline was found to be correlated 
with increasing fragmentation ( cleared surround land and isolation) and more recent 
anthropogenic disturbance. 
Fragmentation could be contributing to canopy decline through a number of 
processes including altering species composition and increasing vulnerability to other 
anthropogenic and natural disturbances (Bunnell, 1999; Debinski & Holt, 1998; Gill 
& William, 1996; Hobbs, 2001; King & Buckney, 2002; Lambert & Turner, 1987; 
Saunders et al. , 1991; Weathers et al. , 2001). Traditionally more fragmented Tuart 
communities have been associated with high fire frequency, exotic flora invasions, 
low recruitment and higher pollution (Chilcott, 1992; 1994; Fox, 1981; Fox & Majer, 
1980; Piggot, 1994; Piggot & Loneragan, 1995; Ruthrof, 2001; WAIT, 1981). 
Concurring with these studies, this study found high fire frequency, lower 
recruitment, greater exotic flora invasions and air pollution to be correlated with 
increasing fragmentation (Appendix 6). Also concurring with past studies, Tuart 
canopy decline associated with fragmentation was found to be characterised by stag 
headed tree formation (Beard, 1967; Fox, 1981; Fox & Curry, 1980; Fox & Majer, 
1980; WAIT, 1981). 
To summarise, this study confirms the notion that fragmentation and 
anthropogenic disturbance is associated with Tuart canopy decline on a regional 
scale (Beard, 1967; Fox, 1981; Fox & Majer, 1980; Longman & Keighery, 2002; 
Main & Serventy, 1957; WAIT, 1981). However, fragmentation and anthropogenic 
disturbance are not associated with the severe canopy decline at sites in the Yalgorup 
region. Future studies should attempt to develop strategies to minimise impacts of 
fragmentation and anthropogenic disturbance on Tuart. 
4.5.8 Pollution 
Globally, pollution has been associated with some of the most widespread 
and severe canopy decline (Bytnerowicz et al. , 2003; Cape & Percy, 1998; Chiwa et 
al. , 2003; Juknysa et al. , 2003; Kandeler, 1995; Vries et al. , 2003) including that of 
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Tuart (Chilcott, 1992; 1994; Fox & Dunlop, 1984; Meney, 1986; Meney & Fox, 
1986). Despite this, no ecologically meaningful correlations between canopy decline 
and pollution measures were found in this study. 
This study found decreasing levels of pollution to be correlated with 
increasing canopy decline. This is due to the finding that the most severe canopy 
decline was found in the Y algorup region; a region which is distant from most 
sources of pollution (Appendix 6) (NPI, 2002). Other studies have hypothesised that 
severe canopy decline in the Yalgorup region is not likely to be caused by pollution 
because the region is more pristine and far from pollution sources compared to other 
regions (Longman & Keighery, 2002). 
Contrary to previous studies (Chilcott, 1992; 1994 ), increasing pollution was 
not found to be associated with increasing canopy decline across the rest of the Tuart 
distribution, with the exclusion of severe canopy decline sites from analysis. This is 
thought to be because pollution usually only causes problems in areas local to 
sources of pollution (high load areas), or in areas of increased susceptibility (Kandler 
& Innes, 1995; Smith, 1992). Few areas of the Tuart distribution are exposed to high 
levels of pollution (Rye & Rayner, 2003. Pers. Comm.), and there are no obvious 
environmental factors likely to be increasing the susceptibility of Tuart to pollution 
in other regions. For example, Tuart is tolerant of a range of soil pHs and grows on 
highly alkaline soils that would buffer deposition (Gibson et al. , 2002). Many other 
canopy decline studies suggest acidic pollutant deposition on susceptible soils causes 
canopy decline (Aamlida et al. , 2000; Dittmar et al. , 2003; Juknysa et al. , 2003; 
Vries et al. , 2003). Other studies have found it difficult to associate Tuart canopy 
decline to pollution (Fox & Dunlop, 1984; Meney, 1986). 
In summary, pollution is thought not to be a cause of Tuart canopy decline, 
although in certain areas of high pollution load (near Perth Central Business district 
or Kwinana industrial area) it may be responsible for localised decline. Future 
research should consider pollution as a localised cause of Tuart canopy decline, near 
to sources of pollutants. 
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Analysis suggests that canopy decline in the Yalgorup region and across the 
rest of the Tuart distribution should be treated separately. This is because the 
Yalgorup region has: i) substantially more severe canopy decline then the rest of the 
distribution, and ii) is associated with different environmental factors. Therefore two 
models of the possible causes of canopy decline are suggested to help future 
research. The first model attempts to explain severe canopy decline in the Yalgorup 
region and the second attempts to explain regional scale canopy decline across the 
rest of the Tuart distribution. 
4.5.9.1 Severe canopy decline 
Severe canopy decline in the Yalgorup region is hypothesised to be caused by 
groundwater chemistry changes, and the inherent susceptibility of the region to these 
changes. 
The hypothesis is that the increasing groundwater salinity in severe canopy 
decline sites is making groundwater unavailable or less desirable for Tuart. The 
causes of this salinity change is unknown but may be due to coastal saline intrusion 
(caused by decreasing groundwater levels), the Dawesville cut engineering works or 
low recharge of the freshwater lens over the hyper saline aquifer in the region 
(Gibson, 2001; Lindsay, 2002; Longman & Keighery, 2002; TRG, 2002). The 
groundwater of severe canopy decline sites is also thought to be more susceptibility 
because of its already high salinity and alkalinity levels. 
In addition, Tuarts in the Yalgorup region are thought to be more susceptible 
to the loss of groundwater as a source of water, because of the low rainfall across the 
Tuart distribution and a dependence on this groundwater for water. This is because 
severe canopy decline sites were associated with: i) shallower soils, which are known 
to constrain roots (Wilde, 1958) and are more susceptible to drought (Longman & 
Keighery, 2002); ii) finer soils, which have greater moisture holding capacity 
(Drohan et al. , 2002; Gerrard, 1981), therefore Tuart in these conditions may be 
more adapted to surface water sources; and iii) high rainfall, which suggests Tuart in 
these condition may be more susceptible to climate changes and adapted to surface 
water sources. 
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Together these factors are thought to have caused canopy decline, either 
through toxication or by stressing trees, possibly predisposing trees to insect or 
pathogen attack (Jurkis & Turner, 2002; Longman & Keighery, 2002). These 
conditions may have hindered the trees' ability to respond to insect or pathogen 
attack, for example vigour of replacement epicormic growth. In either case canopy 
decline is thought to represent a catastrophic shift (Scheffer & Carpenter, 2003; 
Scheffer et al. , 2001) in the state of the Tuart ecosystem. In other words, the 
combined affect of groundwater chemistry changes and inherent susceptibility of 
sites (hydrology, climate and soils) have stressed Tuart enough to reach a critical 
threshold in the ecosystem (beyond the tolerance range). This may have caused the 
widespread canopy decline which could possibly be causing a downward spiralling 
feedback system (Scheffer et al. , 2001), for example the initial canopy decline may 
have led to insect outbreak, leading to proliferation of insect numbers that have 
subsequently invaded surrounding areas. 
Future research into severe canopy decline sites is recommended to 
concentrate on relationships between groundwater chemistry and canopy decline. 
The need for a firm understanding of Tuart water, soil and root interactions is 
required to determine whether this hypothesis holds. The response of pathogens and 
insect to stresses induced through these groundwater chemistry changes is also 
required. 
4.5.9.2 Regional scale canopy decline 
The cause of canopy decline across the rest of the Tuart distribution, outside 
of severe canopy decline sites of the Yalgorup region, is hypothesised to be a result 
of a combination of inter-related causes. These include fragmentation and nutrient 
enrichment that may be acting in synergism or independently. There is a lack of 
strong correlations, probably a indicating that canopy decline may be the result of 
many different environmental factors acting in different areas (Heatwole & Lowman, 
1986; Jurkis & Turner, 2002; Podger, 1980a, b). 
Regional scale canopy decline is hypothesised to be caused by fragmentation 
and anthropogenic disturbance. Both fragmentation and anthropogenic disturbance 
were found to be associated with canopy decline following exclusion of severe 
canopy decline sites. Fragmentation can cause canopy decline in many ways because 
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it alters numerous ecological processes (Bunnell, 1999; Debinski & Holt, 1998; Gill 
& William, 1996; Hobbs, 2001; Saunders et al., 1991; Weathers et al. ,  2001). 
Fragmentation can also cause canopy decline directly such as through increased wind 
damage, or indirectly such as through nutrient deposition at edges of patches leading 
to greater herbivory (Landsberg, 1987; 1990a, b, c; Landsberg & Wylie, 1983; 
Landsberg & Cork, 1997; Saunders et al. , 1991; Weathers et al. ,  2001). 
Fragmentation was found to be correlated with factors often associated with Tuart 
canopy decline in this study, including high fire frequency, exotic flora invasions, 
low recruitment and pollution (Chilcott, 1992; 1994; Fox, 1981; Fox & Majer, 1980; 
Ruthrof, 2001; WAIT, 1981). 
Regional scale canopy decline is also hypothesised to be caused by nutrient 
enrichment. Increasing ammonium was correlated with increasing canopy decline, 
following the exclusion of severe canopy decline sites. High ammonium was also 
strongly correlated to other nutrients. High levels of nutrients, especially ammonium 
have been related to increased nutrient foliage and consequentially increased 
herbivory in other studies (Adams & Atkinson, 1991; Landsberg, 1988; l990a, b, c; 
Landsberg & Wylie, 1983; Landsberg & Cork, 1997; Reid & Landsberg, 1999). The 
nutrient enrichment could be caused by many processes, but the most likely for Tuart 
are, fragmentation, air pollution (nitrogen oxides), exotic weed invasions, altered fire 
regimes, runoff and domestic sewage seepage (Longman & Keighery, 2002; 
Weathers et al. , 2001). Fragmentation in particular was found to be associated with 
canopy decline across the Tuart distribution, and can increase deposition of 
pollutants at edges that lead to canopy decline (Weathers et al., 2001). 
Together, these processes are thought to be interacting with pathogens and 
herbivores to cause the canopy decline of Tuart. The effect may be worsened by the 
decline in the population structure (low recruitment and less mature trees) of Tuart, 
as canopy decline is only a problem when declining trees are not replaced 
(Boardman, 1981; Florence, 1996; Jurkis & Turner, 2002; Podger, 1980a). Dynamic 
groundwater regimes are also thought to be associated with regional scale Tuart 
canopy decline, but further research is needed to support findings. In addition, there 
are a number of other processes not directly related to Tuart canopy decline in this 
study that are considered background causes of canopy decline. These processes may 
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be pushing the Tuart ecosystem over its stable state threshold, including the high 
level of exotic flora invasion and altered fire regimes found across the distribution. 
4.5.10 Study Limitations 
There were a number of limitations in this study which should be noted to 
improve future research. The major limitation of this study was the availability and 
quality of a number of datasets available, including that of hydrology, fire regimes, 
climate and pollution. High variation in the quality of data meant measures were 
often difficult to determine. Future studies should therefore consider site selection 
based on data requirements. This is especially important for hydrological work that 
should consider proximity and suitability of monitoring bores. Further climate, 
pollution and fragmentation studies need to carefully consider modelling accuracy 
and data constraints. 
This study was also limited in sampling numbers because of economics and 
practicalities of assessments. More intensive sampling for all factors and canopy 
assessments would be ideal for future studies to reduce statistical error. This study 
used a high alpha (P = <0.05) despite the risk of error because it was attempting to 
identify patterns not verify causal factors (Stewart-Oaten, 1995). More intensive 
sampling would be most applicable to soil sampling from complete soil profiles and 
analysing a greater number of nutrients. This is because of the high heterogeneity of 
woodland soils (Attiwill & Adams, 1993). 
The final limitation of this study is that is was a snap shot of Tuart canopy 
condition and its association with environmental factors during a single season. 
Some variation in canopy condition is known to occur in eucalypt canopies, so 
therefore future studies should consider temporal changes in canopy condition 
(Florence, 1981; Jacobs, 1955). This could be achieved through the use of 
monitoring plots to investigate short-term (seasonal) and long-term changes in 
canopy condition. 
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CHAPTER FIVE 
SYNTHESIS AND MANAGEMENT IMPLICATIONS 
"Us sing and dance, make faces and give flower bouquets, trying to be loved. You ever 
notice that trees do everything to git attention we do, except walk? " 
Walker ( 1 983) 
Environmental Correlates and Tuart Decline 
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5.1 Synthesis and Management Implication 
This thesis presents the first stage in the diagnostic process of finding the 
causes of Tuart canopy decline. The canopy condition of Tuart across its entire 
distribution has been characterised and categorised, and environmental factors 
associated and correlated to canopy decline have been identified. This chapter 
provides an integrative review of the main findings of this study in context with other 
canopy decline studies. Suggestions are also proposed to direct future research and to 
aid in the conservation and management of Tuart. 
5.1.1 Tuart Canopy Condition Assessment 
Tuart canopy decline of increasing severity and extent has been reported 
across the species distribution since the beginning of last century (Longman & 
Keighery, 2002). However, prior to this study there had been no comprehensive 
assessment of Tuart canopy condition across its entire distribution. Not only has this 
study completed the first assessment of this type, it has also identified a number of 
types of canopy decline and appropriate canopy condition assessment methods. 
Across the entire Tuart distribution 'dieback affected' or 'moderate to slight 
canopy decline' was found (according to guidelines from Podger et al., 1980; UN 
ECE, 1998a, b ), with a mean canopy completeness of 64 percent. High variation in 
canopy condition was also found across the Tuart distribution, both between and 
within sites. This high variation in canopy condition and the overall slight to 
moderate level of canopy decline, suggests that some canopy decline is probably 
symptomatic of Tuart. Small-scale canopy decline events should therefore not be of 
concern to those in charge of Tuart conservation, such as, patches of five to ten trees 
in decline. Other authors have suggested similar, for example Kandler and Innes 
(1995) state concern over forest condition is often the sudden awareness of the 
destructive power of human beings on forest that were previously considered 
'normal' .  
A review of literature suggests a reasonably high level of canopy decline can 
probably be considered background decline in Tuart (Fox, 1981; Fox & Curry, 1980; 
Ruthrof, 2001 ). Background decline is the accepted level of fluctuation in canopy 
condition, not associated with anthropogenic activities. Studies have suggested 
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background canopy decline can reduce tree canopy completeness to 75 to 80 percent 
(Kandler & Innes, 1995; Podger et al. ,  1980). This study indicates background 
canopy decline in Tuart can reduce canopy completeness to 70 percent. 
To date there is no standard method to assess canopy decline, as such cross­
study comparisons are difficult. It is therefore recommended that long-term 
monitoring of Tuart canopy condition is initiated using standardised methods. This 
would allow quantification of the current state of Tuart canopy condition, and 
monitoring for any deterioration or improvement over time. Perhaps monitoring can 
be modelled on the UN ECE ( 1998a, b) framework used to investigate transboundary 
air pollution in Europe. One would consider such monitoring should be an obligation 
under the United Nations Framework Convention on Biological Diversity 1992 and 
Montreal Process Working Group which Australia is committed to (Stone et al. ,  
2001). 
One region of the Tuart distribution did show considerable and large-scale 
severe canopy decline. The Yalgorup region was found to be significantly worse than 
the rest of the Tuart distribution and can be considered to be exhibiting 'advanced 
dieback' or 'severe canopy decline' (according to guidelines from Podger et al. , 
1980; UN ECE, 1998a, b), with mean canopy completeness of only 26 percent. This 
finding concurs with a number of other recent studies of Tuart in the Yalgorup region 
(DCLM, 2002; Longman & Keighery, 2002; Mitchell, 2002; TRG, 2002). Continued 
monitoring and study of the canopy decline in the Y algorup region is recommended 
to help diagnose the cause. It is also suggested that monitoring be completed across 
the entire Tuart distribution, because other localised canopy decline events similar in 
structure to that in the Yalgorup region, were observed in other areas. This included 
one site in each of Ludlow State forest, Neerabup National Park and Yellagonga 
National Park. 
The methods used in this study were found to be effective in determining 
Tuart canopy condition, with canopy completeness ('side-on') and canopy size 
reduction measures (height and width) proving to be the most appropriate and 
efficient. Canopy condition indices are not recommended for future studies due to 
statistical and ecological limitations, as well as being considered more subjective 
compared to other methods. A number of different types of canopy conditions and 
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architectures of canopy decline have also been reported in this study, that might be 
useful in future diagnosis (Podger, 1980a). 
5.1.2 Association and Correlations of Tuart Canopy Condition with 
Environmental Factors 
Literature suggests that numerous environmental factors can cause canopy 
decline (Heatwole & Lowman, 1986; Jurkis & Turner, 2002; Kimber, 1980; 
Longman & Keighery, 2002). The second objective of this study was to collate data 
on environmental factors that were considered important to Tuart canopy decline, 
and investigate correlations and associations between these and canopy condition. 
This was completed using approximately 200 environmental factors in eight 
categories, collated from numerous organisations and from field measurement. These 
categories included, stand structure, understorey composition, landform, climate, 
hydrology, fire regimes, pollution and anthropogenic disturbance factors. From this 
extensive selection of environmental factors only a few weak to moderate 
correlations were found, in addition to a number of significant differences in 
environmental factors between canopy condition groups. Whilst some of these 
findings could be coincidental, some have led to the development of hypotheses to 
help explain Tuart canopy decline. This is despite the use of a liberal alpha (P = 
<0.05), because the aim of this study was to identify trends to direct future work 
rather than prove 'cause and affect' (Stewart-Oaten, 1995). 
The strongest correlations identified were between increasing canopy decline 
and finer soil textures, increasing distance from the coast, increasing rainfall, 
increasing rate of groundwater conductivity change, and increasing groundwater 
salinity and alkalinity. Severe canopy decline sites in the Yalgorup region were 
found to be associated with lower nitrate nitrogen, lower water repellency, finer soils, 
shallow soils, less exotic flora, greater native flora, greater rainfall, greater 
dewpoints, lower anthropogenic disturbance, lower fragmentation, lower pollution, 
greater rates of groundwater conductivity change, greater groundwater conductivity 
and groundwater alkalinity. 
Following the exclusion of severe canopy decline sites from analysis, the 
strongest correlations identified with increasing canopy decline were increasing: soil 
ammonium nitrogen, distance from the coast, fragmentation, density of mature Tuart, 
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and rate of summer groundwater depth change (falling groundwater). Increasing 
canopy decline was also associated with decreasing: cover of native flora, time since 
anthropogenic disturbance, density of Tuart and summer groundwater depth from 
1994 to 1986 (rising groundwater). 
Multiple regression models were used to identify multiple interactions 
between environmental factors that were considered important in determining canopy 
condition. Multiple regression models were only able to explain approximately 54 
percent at best, of the canopy decline variability with less than seven factors. There is 
therefore much unexplained variation in Tuart canopy condition. 
5.1.2.1 Hypothesised models of canopy decline 
The correlations and associations found in this study have allowed the 
development of two hypotheses of the causes of Tuart canopy decline. These two 
hypotheses attempt to explain the canopy decline across the Tuart distribution on a 
regional scale, as well as severe canopy decline in the Y algorup region. Two 
hypotheses are suggested because the severity of the Yalgorup regions canopy 
decline is much greater than the rest of the distribution, and associated with different 
environmental factors. Figure 5.1 shows the two hypothesised pathways of the 
processes of Tuart canopy decline, fitted into the conceptual model proposed in 
Chapter 4 (Section 4.1.1). Again environmental factors can act alone, or in synergy, 
either with or without anthropogenic influence to cause canopy decline. There are 
also the possibilities of feedback mechanisms and catastrophic shifts. Whilst these 
hypotheses might explain the canopy decline based on the findings of this study, 
caution should be taken with their use. This is because they are intended to be used to 
help direct future research, not establish the absolute processes of canopy decline. 
Severe canopy decline: Severe canopy decline in the Yalgorup region is 
hypothesised to be caused by groundwater chemistry changes and the inherent 
susceptibility of sites in this region to water availability. This hypothesis is based on 
the finding that severe canopy decline was found to be associated with higher rates of 
salinity change as well as higher levels of groundwater salinity and alkalinity. These 
factors are thought to have made groundwater less available to Tuart, causing water 
stress and possibly predisposing trees to insect or pathogen attack. Tuarts exhibiting 
severe canopy decline are also thought to be vulnerable to groundwater changes, 
because of their susceptibility to rainfall changes. This is because severe canopy 
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decline was also associated with greater rainfall ,  finer soils (high moisture holding 
potential) and shallower soi ls  (constraining roots). Severe canopy decline is also 
found in a region of unique hydrology, with a hypersaline aquifer over laid with a 
freshwater lens (Commander, 1 988). This hydrology is thought to be more 
susceptible to rainfall, groundwater chemistry and depth changes (Lindsay, 2002; 
Longman & Keighery, 2002; Mitchell , 2002). Consequentially, the declining rainfall 
across the species distribution and unavailability of groundwater is thought to have 
caused tree water stress leading to canopy decline. 
Changes in environmental factors 
- - -- - - ---- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - ,  
Soil condition 
Climate 
Fire regime 
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Yalgorup: 
s.evere Canopy 
· Decline 
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Biotic 
stress 
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Management 
'----------- - -- - - -- - - -------
D Process not found to be associated with canopy decline in this study. 
Process associated with both types of 
canopy decline, 
• Processes of regional canopy 
decline, 
D Processes of severe canopy 
decline in the Yalgorup region. 
Figure 5.1 - Conceptual model of Tuart canopy decline with hypothesised 
processes of regional scale canopy decline and severe canopy decline in the 
Yalgorup region. The legend in the figure shows the different categories of 
pathways of canopy decline. 
Management of the severe canopy decline may therefore be extremely 
difficult because a catastrophic shift or threshold may have been crossed (Scheffer et 
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al. ,  2001). Managing groundwater chemistry changes are likely to be extremely 
difficult to achieve due to anthropogenic influences in the region, including, pine 
plantation, horticulture, hobby farms and engineering works (for example the 
Dawesville cut). However, groundwater chemistry changes may be mitigated by 
reducing irrigation in the region, stabilising groundwater levels and revegetation 
(Stirzaker et al. ,  2002). Further research is ultimately the principal recommendation 
from this study; specifically understanding root structures, water utilisation by Tuart 
and the hydrology of the region. In addition the influence of the Dawesville cut on 
the hydrology of the region should be fully established, despite its suggested 
isolation from the region (Commander, 1 988; Longman & Keighery, 2002). 
This study suggests that severe canopy decline in the Yalgorup region is not 
likely to be caused by many of the previously implicated environmental factors 
including: pollution, fragmentation, understorey composition, altered fire regimes or 
a number of landform factors (Bradshaw, 2000; Longman & Keighery, 2002; Ward, 
2000a, b). This result is not unexpected as many environmental factors have been 
associated and hypothesised to be the cause of localised Tuart canopy decline events, 
whereas the severe canopy decline in the Yalgorup region is quite unique (Longman 
& Keighery, 2002). 
Regional scale canopy decline: The second hypothesis for canopy decline 
across the Tuart distribution, excluding severe canopy decline sites, suggests greater 
fragmentation, nutrient enrichment and groundwater change may be acting in 
synergistically or independently to cause canopy decline (Figure 5.1 ). 
Fragmentation is thought to be the most influential process causing Tuart 
canopy decline across the entire distribution, specifically resulting from increasing 
levels of isolation and anthropogenic influences of surrounding land. Both of these 
factors were found to be related to factors often associated with Tuart canopy 
decline, including: pollution, anthropogenic disturbance, exotic flora invasion and 
greater fire frequency (Beard, 1967; Chilcott, 1992; 1994; Fox, 1981; Fox & Curry, 
1980; Fox & Majer, 1980; Longman & Keighery, 2002; Main & Serventy, 1957; 
Piggot, 1994; Piggot & Loneragan, 1995; Ruthrof, 2001; WAIT, 1981; Weathers et 
al. ,  2001). The effects of fragmentation may be mitigated by a number of 
management actions, for examples: prevention of further clearing, use of buffer strips 
around reserves similar to those around plantations; creation of native vegetation 
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corridors; planting Tuart in urban areas; and through establishing recruitment to 
maintain patch integrity (Longman & Keighery, 2002; Mesquita et al. , 1999; 
Oosterhoorn & Kappelle, 2000; Powell & Keighery, 2002). Future studies are 
recommended to develop ways to reduce the effects of fragmentation on Tuart. 
Soil nutrient enrichment, specifically high soil ammonium nitrogen, is 
thought to be another major cause of canopy decline. High ammonium has been 
associated with canopy decline in other studies through increasing the nutritional 
value of foliage and consequentially increasing insect herbivory (Landsberg, 1988; 
1990a, b, c; Landsberg & Wylie, 1983; Landsberg & Cork, 1997; Reid & Landsberg, 
1999). The cause of nutrient enrichment could be a result of pollution (deposition), 
altered fire regimes, runoff or wind blown sources from surrounding land (Attiwill & 
Adams, 1993; Hester & Hobbs, 1992; Landsberg, 1990a, b, c; Landsberg & 
Gillieson, 1995; Landsberg & Wylie, 1983; Longman & Keighery, 2002; Raison, 
1980; Smith & Smith, 1990). The most likely cause of nutrient enrichment is 
considered fragmentation, which was found to be closely related to nutrient 
enrichment in this study. Fragmentation is known to increase pollutant deposition at 
edges of patches (Weathers et al. , 2001), which could be causing the nutrient 
enrichment. Nutrient enrichment has previously been hypothesised to be a possible 
cause of Tuart canopy decline (Longman & Keighery, 2002). Management of 
nutrient enrichment is possible in a number of ways, such as controlling runoff from 
surrounding lands (sediment traps or revegetation) or educating surrounding 
landowners to decrease applications of nutrient rich products (fertilizers etc.). Future 
studies should attempt to address the interaction between nutrient enrichment, foliar 
nutrient levels and insect herbivory, as well as the causes of enrichment. 
Across the greater Tuart distribution there was no evidence that pollution or 
altered fire regimes were associated with Tuart canopy decline despite implications 
from previous studies (Chilcott, 1992; 1994; Fox, 1981; Fox & Curry, 1980; Fox & 
Dunlop, 1984; Meney, 1986; Meney & Fox, 1986; Ward, 2000a, b). It is felt 
however, that pollution is likely to cause canopy decline, but only very near sources 
in areas not comprehensively assessed in this study. Altered fire regimes are also 
thought to be important causes of canopy decline because of their prominence in 
literature (Fox, 1981; Fox & Curry, 1980; Ruthrof, 2001; Ward, 2000a, b). Limited 
fire history data and a combination of different detrimental fire regimes (frequent and 
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infrequent) across the distribution probably disguised its diagnosis. In addition there 
is some evidence that dynamic groundwater regimes are associated with regional 
canopy decline, but evidence found in this study is inconclusive. Future Tuart canopy 
condition monitoring sites should be located near to groundwater monitoring bores, 
with suitable datasets. 
5.2 Conclusion 
'The malady (decline) should not be considered as an act of Godfor which we have 
no responsibility, and against which we are powerless ' (Heatwole & Lowman, 1986) 
In conclusion, canopy decline is a major problem for the Yalgorup region and 
a few localised areas that need to be monitored to see if they continue to deteriorate. 
The remaining distribution showed high variation in canopy condition and may be 
considered to be exhibiting slight to moderate canopy decline. However, lack of 
long-term monitoring using similar methodologies makes determination of the state 
of canopy condition difficult. Long-term Tuart canopy condition monitoring is 
therefore recommended, because this study suggests a high level of canopy decline 
can be considered indicative of Tuart. Future assessment of Tuart canopy condition 
may be aided through a web-based environment for reporting, interpreting and 
communicating information on decline. The pathogen Phytophthora ramorum related 
canopy decline in California is reportable through an internet GIS environment that 
fulfils a number of roles, including: increasing awareness; explaining information 
understandably; allowing public reporting and economical mapping of P. ramorum 
distribution (COMTF, 2003; Kelly & Tuxen, 2003). 
Identifying environmental factors association with Tuart canopy decline in 
this study has been difficult. This is perhaps not a surprise considering the 
complexity of canopy decline syndromes. Canopy decline events are associated with 
numerous environmental factors, acting together or individually, on differing spatial 
scales (Heatwole & Lowman, 1986; Jurkis & Turner, 2002; Longman & Keighery, 
2002; Old et al. ,  1980; Podger, 1980a). Therefore diagnosis is complicated by cryptic 
and isolated signs of dysfunction, with responses effective on varied spatial and 
temporal scales (Rapport et al. , 1998). For these reasons many comprehensively 
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studied canopy decline events still elude diagnosis and are the cause of debate 
(Heatwole & Lowman, 1986; Kandler & Innes, 1995; Podger, 1980a, b). For 
example large-scale canopy decline in central Europe has been associated with 
pollutants in numerous studies, but other studies consider this to be exaggerated (for 
example Kandler & Innes, 1995). 
Despite this, this study found regional scale canopy decline across the Tuart 
distribution to be associated with nutrient enrichment and fragmentation. The latter is 
of particular concern considering the high fragmentation across the Swan Coastal 
Plain (Beard, 1995; Gibson et al. ,  1994b; Mockrin, 2001) and in particular the Tuart 
distribution (Ruthrof et al. ,  2002; TRG, 2002; 2003). Further, the ongoing clearing of 
Tuart (McCarthy, 2002; Powell & Keighery, 2002; Ruthrof et al. ,  2002) indicates 
this is a threat that is likely to worsen. Future research is therefore primarily 
recommended to develop strategies to reduce and manage the effects of 
fragmentation on Tuart. 
Severe canopy decline in the Y algorup region was found to be associated 
with groundwater chemistry changes and the sites inherent susceptibility (high 
rainfall, finer and shallower soils). Environmental factors other than these do not 
appear to be associated with Tuart canopy decline, although other environmental 
factors should not be ruled out at this early stage of research. Future research is 
suggested to concentrate on groundwater chemistry changes and the interaction with 
these on Tuart on susceptible sites. Despite this, future management of severe 
canopy decline may be extremely difficult because these sites may have crossed a 
threshold from which they may not recover without intensive management. 
Future diagnosis of the cause of canopy decline will rely on the success of 
future canopy condition assessments and focused, coordinated studies that deliver 
practical answers to aid Tuart canopy decline management. These recommendations 
are not insignificant, the failure to deliver and coordinate research in New England 
canopy decline led to community dissatisfaction and loss of support for research 
(Reid & Landsberg, 1999). 
Future studies should also not underestimate the effects of other forms of tree 
decline, including lack of recruitment and clearing. Conservative estimates from this 
study suggest approximately 16 percent of the current Tuart distribution is threatened 
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by severe canopy decline. This constitutes a large portion of the current distribution 
and is worsened by its predominance in a National Park. However, this only 
represents four percent of Tuart distribution prior to European settlement (TRG, 
2002; 2003). Low recruitment is another major cause of Tuart decline. This study 
observed low recruitment across the Tuart distribution, and results concur that, exotic 
flora invasions, low nutrient availability, and lack of fire are associated with low 
recruitment (Fox & Curry, 1980; Jasinska & Tholen, 2003; Meney & Fox, 1986; 
Ruthrof, 200 1 ;  Ruthrof et al. , 2002). Low recruitment is a considerable problem as 
canopy decline is only a threat to trees when there is a lack of replacement of 
declining trees (Podger, l 980a). 
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APPENDIX ONE 
The following appendix includes a diagram of each study site plot profile. The order 
of plots is roughly with latitude, but deviates occasionally to allow compact display. 
Size refers to the DBH of each Tuart calculated from combined boles to give one 
score, for ease of representation. Canopy completeness ( 'side-on')  is used as an 
indicator of the canopy condition, because it strongly correlates to other indicators. 
Tree locations are accurate to ±10 metres . 
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APPENDIX THREE 
Redundant Canopy Condition Measures 
'Base on' canopy completeness (CCB) 
CCB for all Tuart found most sites scored between 55 and 85 percent, with a 
mean of 50 percent. Scores ranged from O to 100 percent. One-way ANOVA found 
significant variation in CCB between sites (F =18.278, d.f. = 45, P = <0.01). This 
was also confirmed by Kruskal-Wallis test (X2 = 504. 1 14, d.f. = 45, P = <0.01). Low 
scoring sites 7, 28-32, 34 and 45-46 were found to have significantly lower canopy 
completeness scores than the majority of sites. The majority of sites, sites 1-6, 8-27, 
33 and 35-46 were medium to high scoring sites. Sites 31 and 32 were the lowest 
scoring sites. 
CCB for the largest Tuart found most sites scored between 65 and 85 percent, 
with a mean of 52 percent. Scores ranged from O to 95 percent. One-way ANOV A 
found significant variation in CCB between sites (F = 5.231, d.f. = 45, P = <0.01). 
This was also confirmed by Kruskal-Wallis test (X2 = 121. 798, d.f. = 45, P = <0.01). 
Sites 7, 28 and 30-32 were found to be significantly lower scoring sites than the 
majority of sites. The majority of sites, sites 1-6, 8-27, 29 and 33-46 were medium to 
high scoring sites. Sites 31 and 32 were the lowest scoring sites. 
CCB for the smallest Tuart found most sites scored between O and 85 percent, 
with a mean of 43 percent. Scores ranged from O to 95 percent. Kruskal-Wallis test 
found significant difference in CCB between sites (X2 = 71.369, d.f. = 45, P = 
<0.01 ). However, one way ANOVA found no significance differences between sites 
(F = 5.231, d.f. = 45, P = <0.01). 
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and the horizontal lines (top) represe�t homogeneous groups based on Games­
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geographic region boundaries and study site codes are in order of latitude from 
north to south. 
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Weighted canopy condition score (WCCS) 
WCCS for all Tuart found most sites scored between 55 and 85 (out of 90). 
The mean WCCS score was 54 and scores ranging from 7 to 86. One-way ANOV A 
found significant differences in WCCS between sites (F = 22. 149, d.f = 45, P = 
<0.01). This was also confirmed by Kruskal-Wallis test (X2 = 575.023, d.f = 45, P = 
<0.01). GH and comparison between error bars suggested sites 7, 28-32 and 36 were 
significantly lower scoring sites. Sites 32 and 36 were the worst scoring sites. All 
other sites were homogenous with respect to scoring indices, scoring medium to 
high. 
The WCCS for the largest Tuart found most sites scored between 60 and 75. 
The mean WCCS score was 57 and scores ranging from 11 to 86. One-way ANOV A 
found significant differences in WCCS between sites (F = 6.201, d.f. = 45, P = 
<0.01). This was also confirmed by Kruskal-Wallis test (X2 = 132.210, d.f. = 45, P = 
<0.01). GH and comparison between error bars for WCCS found sites 7, 27, 30-32 
and 36 were significantly low scoring. Sites 30 and 31 were significantly worst sites. 
All other sites were homogenous with respect to scoring indices, scoring medium to 
high. 
The WCCS for the smallest Tuart found most sites scored between 40 and 70. 
The mean WCCS score was 49 and scores ranged from 7 to 83. One-way ANOV A 
found significance differences in WCCS between sites (F = 3.421, d.f. = 45, P = 
<0.01). This was also confirmed by Kruskal-Wallis test (X2 = 106.858, d.f. = 45, P = 
<0.01). However, GH and visual inspection of ranks found few sites that were 
significantly difference from other sites. 
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APPENDIX FOUR 
The following pages contain data tables covering all study sites scores for 
each environmental factor investigated in this study. 
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Stand structure factors 
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, 4 6 0  . 2  4 1 5 7 . 3  1 0 .6 1 1 6 . 4 8  0 . 0  6 1  5 1 6  6 0  4 4  2 4  
, 5 4 6  . 2  2 0 0 3 . 4  8 . 6  5 1 3 . 7 9  0 . 0  4 0 9 1 8  6 8  5 0  2 4  
, 6 6 9 . 9  5 2 7 7 . 4  1 2 . 2 7  1 6 . 8 5  0 . 0  6 6 4 6 0  1 1 4 5 4  3 0  
, 7 4 3  . 6  2 2 8 6 . o  9 . 1  6 1 5 . 2 2  0 . 0 8 5 2  8 1 5 6 1 4 8 4 4  
, 8 3 2  . 0  1 4 5 9 . 1  6 . 7 8  1 6  . 0 4  0 . o  3 0 8 1 2  2 1 6  2 0 4  3 6  
, 9 3 6  . o  1 3 6 5  . 4  7 . 3  2 1 4 . 2 2  0 . 0  3 9 6 6 8  2 1 6  1 4 8 4 0  
2 0  2 9 . 4  1 2 9 2  . 1  6 . 6  9 1 3 . 1  9 0 .0 3 9 7 9 6  1 8 8  9 2  2 4  
2 ,  2 9 .0  7 2 5 . 3  5 . 7  0 2 0 . 5  1 0 .0 3 2 3 5 2  2 2 0  1 6 8 0 
2 2  8 2  . 2  6 5 5 0 . o  1 3 . 7 1 2 3 . 5  4 0 . 1 0 1  3 0 4 4  4 4  3 2  
2 3  3 9 . 8  1 8 7 4  . 4  8 . o  7 1 4 . 8 5  0 . 0  5 0 5 2 4 0  3 8  1 2  
2 4  6 2  . 1  3 4 6 9 . 6  1 1 . 6 2  2 3 . 2  2 0 .o 8 0 0 1 2 9 6  8 4  5 6  
2 5  7 8 . 1  5 7 7 1  . 8  1 6 . 9 3  2 5 . o  1 0 .o 7 2 6 1 4 6 4  5 0  3 6  
2 6  6 1  .4  3 72 2 . 1  1 1  . 1  2 1 7 . 0 8 0 .0 3 2 3 2 4 4  4 2  2 0  
2 7  3 9 . 7  2 9 6 2 . 4  8 . 2  1 1 2 . 8 2  0 . 0  2 3 9 3 0  5 2  2 2  1 6  
2 8  3 7 . 1  1 7 6 6  . 7  5 . 5  9 1 6 . 5 2  0 . 0  5 9 0 3 2  1 4 0 1 0 8 3 6  
2 9  4 7 .0  2 4 4 7 . 6  8 .0  9 1 8 . 0 5 0 .0 3 8 0 1 0 8  2 0 4  9 6  3 6  
3 0  2 6 . o  8 3 0  . 4  6 . 1  6 1 2 . 9 7  0 . 0 3  7 1  5 2  2 1 2 1 6 0  8 
3 ,  4 6  . 9  2 8 7 9 . 6  5 . 9  5 1 3 . 2 8  0 . 0 3 1 3 8 1 2 8  1 2 0 4 0  
3 2  4 3  . 4  2 8 3 7 . 7 7 . 5  2 1 9 . 4 5  0 . o  1 7 4 2 0  8 8  6 8  2 4  
3 3  1 4  .0  3 4 9 . 7  4 . 3 0  8 . 3  7 0 .o 2 2 6 7 1  2 8 2 0  1 0 8 2 4  
3 4  3 2 . o  1 1 2 1  . 0  8 . 9  5 1 1 . 3 3  0 . 0  6 2 7 2 8  1 3 6 1 0 8 2 4  
3 5  4 4  . 2  2 6 4 8 . 2  6 . 9 4  1 6 . 2 1 0 . 0  3 6 7 1 6  4 8  3 2  1 0 
3 6  1 0 9 . 3  7 0 0  . 4  6 . 0 4  2 2 . 1  2 0 . 0 1  4 1  2 4  2 5 2  2 2 8  0 
3 7  7 2  . 8  6 1 7 1  . 9  1 3 . 0 3  2 3 . 1  2 0 . 0 6  1 3 4 9 5 · 9 2  5 2  
3 6  4 3  . 2  1 7 5 9  . 8  8 . 1  0 2 6 . o  9 0 .o 3 9 0 0 1 4 0  1 4 0 8 0  
3 9  8 2  . 6  6 2 1  6 . 2  1 1  . 9 4  2 5 . o  4 0 .0 9 9 3 0 8 0  8 0  6 0  
4 0  7 0  . 1  4 2 2 3 . 2  1 4 . 5 0  2 2 . 9  5 0 .0 3 4 8 0 3 8  3 8  3 4  
4 ,  3 9 . 6  1 5 8 9  . 1  6 . 8  3 1 6 . 6 2 0 .0 7 0 0 0 8 8  8 8  2 0  
4 2  9 5 .  7 1 1 0 3 9 . 4  1 2 . 5 3  2 5 . 8  8 0 . 3 0 6 9  0 8 4 8 4  5 6  
4 3  7 6  . 8  7 1 6 1  . 9  1 1 .  7 5 1 6 . 6 3  0 . 1 1 1 1  0 4 0  4 0  3 3  
4 4  5 5 . 4  4 7 3 3 . 0  8 .  7 3 2 3 .  7 9 0 .0 3 9 2 4 8  1 7 6  1 2 8 5 2  
4 5  6 6  . 3  5 6 6 5 . 0  1 0 . 9 5 2 8 . 5  7 0 .0 4 9 8 0 9 2  9 2  4 0  
4 6  6 6  . 3  4 8 3 0 . 2  9 . 9 4  3 1 . 4 5  0 . 1 2 2  7 0 1 2 8  1 2 8 6 8  
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Landform factors -(Soil type codes descriptions are provided on the following page) 
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Safety Bay Sand 
T am ala Limestone:  predom inalely sand 
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Sand 
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1 O Sand 
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1 4  C layey sand 
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15 Sand 
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17 Sand 
12 Tam ala limeslone: predominantly lim estone 
18 Tam ala limestone: predominately sand 
19 Tam ala limestone: predominately sand 
16 Sand 
1 9  limestone 
19 Sand 
1 9  Limestone 
20  Sand 
19 Sand 
12 Sand 
21 Sand assocaialed with Tam ala Limestone, high dunes 
21 Safety Bay Sand 
22 Safety Bay Sand 
22 Safety Bay Sand 
23 Safety Bay Sand 
1 2  S and assocaialed with Tam ala limestone, high dunes 
4 Sand assocaialed with Tam ala limestone, high dunes 
Sand 
Sand 
4 Sand 
C layey peaty sand 
O uindalup 
Moore R iver terrace 
Spearwood 
Spearwood 
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3 . 1 4  
3 .58 
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0.95 
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1 .4 
1 .38 
0.7 
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2 .91  
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1 
1 1  
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1 6  
3 7  
5 1  
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5 6  
1 1  
47  
1 
23 
1 9  
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83  
1 1 4 
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1 5  
40 
1 1  
1 3  
20 
8 
1 6  
1 0 
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1 6 9  
3 7  
2 2  
82 
49 
29 
45  
33 
71 
75 
35 
4 1  
5 3  
8 1  
4 4  
23 
42 
29 
40 
1 8  
53 
1 8 5 
5 .7  
1 0  
1 4 .2 
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1 3 .6 
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6 . 2  
4 9 
8 2 
9 
1 9.7 
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0.97 
6 .28 
3.97 
1 .5 7  
1 .3 1  
1 .57 
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1 .28 
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1 98 
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801  
322 
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1 1 2 
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0.1 1 7  
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0 . 1 46 
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0.049 
0.321 
0 . 1 3 1  
0.067 
0 . 128  
0.062 
0 . 1 5 3  
0 . 1 67 
0.042 
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0.527 
0 . 1 3 4  
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0.063 
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0.6 58.2  35.8 
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0.9 8 1 .7 1 1 .8 
1 .2 84.2 1 2 .2 
1 .4 5 1 . 1 4 1 .4 
0.8 80.2 1 4 .5 
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0.4 7 7 .4 1 9.7 
0.8 7 3 .0 22.5  
2.5  32.9 46.8 
7.7 69 . 1  1 7.4 
2 . 1  84.2 8 .6 
1 0 .2 53.3 2 1 .5 
4 . 1  7 1 .7 1 6 . 1  
7 .5  59.8 2 6 .7 
0.4 79.1 1 6 .1 
2 . 5  73.7 1 4 .9 
4.7  52.6 3 5 .9 
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0.4 8 1 .5 1 5.7 
4.6 55.0 29.1  
2 .7  40.8 46.0 
0.4 64.8 3 1 .7 
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0.6 43.2 5 2 . 1  
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2 .5  76.8 1 2 .5 
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1 .2 67 .5  28.3 
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3 .0 
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1 .6 
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3 1  
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4 1  
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Soil codes and descriptions 
Code Soil type 
1 21 1Qu_Q3 
2 21 2Mo_Rt 
3 21 1 Sp_sp 
4 21 1 Sp_L1 
5 21 1 Sp_ kls 
6 21 1 SpW _ Swamp 
7 21 1Sp_ky 
8 21 1 Sp_S2 
9 21 1 Sp_S7 
1 0  21 1 Sp_Ls1 
1 1  21 1 Sp_S1 3 
1 2  21 1 Sp_s2a 
1 3  21 1 Sp_V4a 
14  21 1 Sp_S4a 
1 5  21 1 Sp_Qp1 
1 6  21 1 Sp_S2b 
1 7  21 1Sp_Sld 
1 8  21 1 Sp_V5 
1 9  21 1 Sp_s4b 
20 21 1 Sp_s1a  
21 21 1 Sp_V9 
22 21 1 Sp_Qgp 
23 21 1Sp L3 
Description 
Environmental Correlates and Tuart Decline 
Appendix 4. 
The third phase. Irregular dunes with high relief and slopes up to 20%. Loose calcareous sand with little surface organic staining and incipient . 
River terrace with variable alluvial soils - sands, humic sands, clays and marl 
Irregular banks of karst depressions. Some limestone outcrop. Shallow brown sands. Banksia spp. woodland wtth emergent E. gomphocephala 
Ludlow Flats, Flats and very low dunes. Deep yellow brown siliceous sands over limestone (i.e. Spearwood Sands).  
Low hills and ridges. Bare limestone or shallow siliceous or calcareous sand over limestone. Dense low shrub dominated by Oryandra sessilis, I 
Wet soils, water 
Low hilly to gently undulating terrain. Yellow sand over limestone at 1 -2 m. Banksia spp. woodland with scattered emergent E. gomphocephala c 
CALCAREOUS SANO - white, fine to medium-grained, sub-rounded quartz and shell debris, of aeolian origin 
SAND - pale and olive yellow, medium to coarse-grained, sub-angular to sub-rounded quartz, trace of feldspar, modierately sorted, of residual 01 
LIMESTONE - light, yellowish brown, fine to coarse-grained, sub-angular to well rounded, quartz, trace of feldspar, shell debris, variably lithifiec 
CALCAREOUS SAND - white, medium-grained, rounded quartz and shell debris, well sorted, of aeolian origin 
Lower slopes (1 -5%) of dune ridge with moderately deep to deep siliceous yellow-brown sands or pale sands with yellow-brown subsoils and mi 
Flat to gently undulating sand plain with deep, pale and sometimes bleached, sands with yellow-brown subsoils. 
Flat to gently undulating sand plain with deep, pale and sometimes bleached, sands wtth yellow-brown subsoils. 
Complex of nested low relief parabolic dunes with moderate to steep slopes and uniform calcareous sands showing variable depths of surface c 
Lower slopes (1 -5%) of dune ridge with shallow to deep siliceous yellow-brown sands and common limestone outcrop. 
Dune ridges wtth moderately deep to very deep siliceous yellow-brown sands, rare limestone outcrop and slopes 3-20% occurring on the easier 
Upper level sandy terrace and gently undulating beach ridges with shallow to moderately deep grey siliceous sands overlying soft shelly limesto, 
Flat to gently undulating sand plain with shallow to moderately deep siliceous yellow-brown and grey-brown sands with minor limestone outcrop. 
Dune ridges with shallow to moderately deep siliceous yellow-brown sands, very common limestone outcrop and slopes up to 1 5%. 
Areas of former swamps which have been artificially drained, with uniform loamy or peaty sands. 
Flat to very gently undulating plain with variably leached calcareous sand generally overlying calcrete horizon at 60-90 cm depth (for manageme 
lnter-dunal swales and depressions with gently inclined side slopes and deep rapidly drained siliceous yellow-brown sands. 
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1 1 .9 
1 1 .9 
1 2 .0 
1 2 .2 
1 2 .2 
1 2 .2 
1 2 .2 
1 2 .2 
1 2 .2 
1 2 .2 
1 2 .2 
1 2 .2 
1 2 . 1  
1 2. 1  
1 2 .2 
1 2. 1  
1 2 . 1  
1 2 . 1  
1 2 . 1  
1 2 . 1  
1 2 .0 
1 2 .0 
1 2 .0 
1 2 .0 
1 1 .9 
1 1 .9 
1 1 .9 
1 1 .9 
1 2 .0 
1 2 . 1  
1 2 .2 
1 2 .3 
1 2.4 
Dew Point 
1 0.6 
1 0.5 
1 0.2 
1 0. 1  
1 0 . 1  
9 .9  
9 .8 
9 .8 
9.7 
9.6 
9.6 
9.4 
9.6 
9.5 
9 .3 
9.8 
1 0.0 
1 0 . 1  
1 0. 1  
1 0. 1  
1 0. 1  
1 0. 1  
1 0 . 1  
1 0.2 
1 0.2 
1 0.2 
1 0 .3 
1 0 .3 
1 0 .3 
1 0.3 
1 0 .2  
1 0.2 
1 0.2  
1 0. 1  
1 0.2  
1 0. 1  
1 0.2 
1 0 .2 
1 0. 1  
1 0 . 1  
1 0 .2  
1 0 . 1  
1 0 . 1  
1 0. 1  
1 0 .2 
1 0.3 
1 4 . 1  
13 .9  
13 .4  
13 .2  
13 .2  
1 3 .0 
1 2 .8 
1 2.9 
1 2.7 
1 2.6 
1 2.7 
1 2.2 
1 2 .8 
1 2.8 
1 2 .4 
1 3.3 
1 3 .4 
1 3 .2  
13 .2  
1 3 .2  
1 3 .2  
1 3 .2 
1 3 . 1  
1 3 .2 
1 3. 1  
1 3.2 
1 3.3 
1 3.3 
1 3 . 1  
1 3 .2  
1 3 . 1  
1 3 .0 
1 3 .0 
1 3 .0 
1 2 .9 
1 2 .8 
1 3.0 
1 3 .0 
1 2 .9 
1 2 .9 
1 2 .9 
1 2 .7 
1 2 .7 
1 2. 6  
1 2.8 
1 2.9 
iii 
::, 
c 
c .. 
c 
1 1 .3 
1 1 .3 
1 1 .2 
1 1 . 1 
1 1 .1 
1 1 .0 
1 1 .0  
1 1 .0 
1 0.9 
1 0 .9 
1 0.9 
1 0.8 
1 0 .9 
1 0.8 
1 0 .8 
1 0.8 
1 1 .0 
1 1 .0 
1 1 .0 
1 1 .0 
1 1 .0 
1 1 .0  
1 1 .0 
1 1 .0 
1 1 .0 
1 0.9 
1 1 .0 
1 1 .0 
1 0.9 
1 0 .9 
1 0.9 
1 0.9 
1 0.9 
1 0.8 
1 0.8 
1 0 .8 
1 0.8 
1 0.7 
1 0.7 
1 0 .7 
1 0.7 
1 0 .8 
1 0.9 
1 1 .0  
1 1 . 1 
1 1 .2 
"ii 
::, 
c 
c .. 
i 
12.7 
12 .5  
1 2 .0 
1 1 .9 
1 1 .9  
1 1 .7 
1 1 .6  
1 1 .6 
1 1 .4 
1 1 .4  
1 1 .4 
1 1 .0 
1 1 .5 
1 1 .4 
1 1 .2 
1 1 .8 
1 2 .0 
1 1 .9  
1 1 .9 
1 1 .9 
1 1 .9 
1 1 .9 
1 1 .9  
1 2.0 
1 1 .9 
1 2.0 
1 2 . 1  
1 2. 1  
1 1 .9 
1 2 . 0  
1 1 .9 
1 1 .8 
1 1 .9 
1 1 .8 
1 1 .8 
1 1 .7 
1 1 .8 
1 1 .8 
1 1 .8 
1 1 .7 
1 1 .7 
1 1 .6 
1 1 .6 
1 1 .6 
1 1 .7 
1 1 .8 
85.3 
85.5 
84.7 
84.0 
83.9 
83.3 
83.0 
83.1  
82.5 
82.5 
82.4 
8 1 .2 
8 1 .8 
80.6 
80.7 
79.5 
79.8 
78.1 
77.7 
77.4 
77.2 
77.0 
77.0 
76.5 
76.2 
74.5 
74.4 
74.3 
73.6 
73.1 
73 . 1  
72 .9  
72.9 
72.2 
72.4 
72.0 
7 1 .2 
70 . 1  
69.9 
69.6 
67.4 
66.3 
65 .5 
65.2 
64.7 
64.5 
Evaporation 
235.4 
235.6 
232.0 
229.6 
229.0 
227.4 
225.3 
224.7 
222.9 
222.0 
221 .1 
2 1 9.3 
2 1 6 .9 
2 1 3 . 1  
2 1 3.1  
207.9 
207.0 
200.5 
1 99.4 
1 97.8 
1 97.3 
1 96.7 
1 96.6 
1 94.9 
1 94.2 
1 89.8 
1 89 . 1  
1 88 .6 
1 87.3 
1 86.3 
1 86.3 
1 86.2 
1 86 . 1  
1 84.7 
1 85.2 
1 84.5 
1 82 .0  
1 79.2 
1 78.7 
1 78.0 
1 7 1 .5 
1 67.6 
1 65.2 
1 64.4 
1 6 2.8 
1 6 1 .7 
::, c 
c .. 
c 
1 72.9 
1 73.1  
1 70.6 
1 68.9 
1 68.5 
1 67.3 
1 66.0 
1 6 5.7 
1 64.4 
1 6 3.9 
1 63.3 
1 6 1 .8 
1 60.6 
1 57.9 
1 57.9 
1 54.4 
1 54.0 
1 49.5 
1 48.7 
1 47.6 
1 47.3 
1 46.8 
1 46.8 
1 45.6 
1 4 5.0 
1 4 1 .7 
1 4 1 .3 
1 4 1 .0 
1 39.9 
1 39.2 
1 39 . 1  
1 39.0 
1 38.9 
1 37.8 
1 38.2 
1 37.7 
1 35.8 
1 33.7 
1 33.4 
1 32.8 
1 28 . 1  
1 2 5.4 
1 23.6 
1 23.1  
1 2 1 .9 
1 2 1 .2 
Environmental Correlates and Tuart Decline 
Appendix 4. 
Groundwater depth and depth change factors (grey coloured data is of poor quality (low n ), and blanks are where no data was 
available) 
1 0  
1 1  
1 2  
1 3  
1 4  
1 5  
1 6  
1 7  
1 8  
1 9  
20 
2 1  
22 
23 
24 
25 
26 
27 
28 
29 
30 
3 1  
32 
33 
34 
35  
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
a: f 
� IP 
6 1 7 30029 ·31 .3269 
6 1  71 0003 ·31 .3269 
. .., 
.3 
f 
1 1 5.5302 
1 1 5.5302 
6 1 7 1 0030 ·31 .5061 1 1 5.6721 
6 1 61 8500 ·31 .5752 1 1 5.6904 
6 1 6 18500 ·31 .5752 1 1 5.6904 
6 1 6 1 1 674 -3 1 .6312  1 1 5.6999 
6 1 6 10599 ·31 .69 1 5  1 1 5.7381 
6 1 625 1 76 ·31 .7036 1 1 5.7342 
6 1 6 1 0661 ·31 .7446 1 1 5.7958 
6 1 6 10679 ·31 .7881 1 1 5.8034 
6 1 6 1 0679 ·31.7881 1 1 5. 6034 
6 1 6 1 0 1 1 2  ·31 .8 1 77 1 1 5.8153 
6 1 6 1 0007 ·31 .8668 1 1 5.7589 
6 1 6 10016 ·31 .9548 1 1 5.7677 
6 1 6 1 0045 ·31 .9633 1 1 5.8149 
6 1 4 1 0 1 56 ·32.1028 1 1 5.7628 
6 1 4 1 0 1 56 ·32.1026 1 1 5.7628 
6 1 4 10051 ·32.2776 1 1 5.7671 
6 1 4 1 0049 ·32.3801 1 1 5.7851 
6 1 4 1 0049 ·32.3801 1 1 5.7851 
6 1 4 10049 ·32.3801 1 1 5.7851 
6 1 4 1 0030 ·32.4063 1 1 5.7623 
6 1 4 1 0048 ·32.4663 1 1 5.7883 
6 1 4 1 0026 -32.4970 1 1 5.7665 
6 1 4 1 0026 ·32.4970 1 1 5.7685 
6 1 3 1 9 125 ·32.6897 1 1 5 .6400 
6 1 3 1 9 125 ·32.6897 1 1 5.6400 
6 1 3 1 9507 ·32.7454 1 1 5.6656 
6 1 3 1 9 1 32 ·32.8302 1 1 5.69 1 0  
6 1 3 1 9 1 30 ·32.8374 1 1 5.6632 
6 1 3 1 9 1 38 ·32 .9142 1 1 5.7025 
6 1 3 1 9 1 39 ·32.9181 1 1 5. 7 1 3 1  
6 1 3 1 9139 ·32.9181 1 1 5.7131  
6 1 3 1 9 1 38 ·32.9142 1 1 5.7025 
6 1 330108 ·32.96 1 7  1 1 5.7364 
Ill ; 
A 9 
5.63 acceptable 
O 87 caution 
1 .22 caution 
0.47 acceptable 
1 . 12 acceptable 
1 .76 caution 
1 51 caution 
o 66 acceplable 
1 87 acceplable 
0.66 acceptable 
2 44 acceptable 
1 29 acceptable 
1 66 acceptable 
0.79 acceptable 
1 . 1 2  acceptable 
2.72 acceptable 
3.38 acceptable 
3.93 acceptable 
4 16 acceptable 
1 89 acceptable 
3 83 acceptable 
1 74 caution 
3 72 caution 
2 19 caution 
1 33 caution 
8 .47 acceptable 
o 1 o acceptable 
O 94 acceptable 
0 36 acceptable 
2 66 acceptable 
2 00 acceptable 
2 1 5 acceptable 
0 47 acceptable 
2 12 acceptable 
o 99 acceplable 
6 1 3 1 9148 ·33.0181 1 1 5 .7325 1 44 accep1abte 
6 1 3 1 91 5 1  ·33.0678 1 1 5. 7 1 08 3.65 acceptable 
61 230020 ·33.2664 1 1 5 .7233 8 . 1 1 acceplable 
6 1 230020 ·33.2664 1 1 5.7233 6 55 acceptable 
61230020 ·33.2664 1 1 5. 7233 4 29 acceptable 
6 1 3 1 9 1 5 1  -33.0678 1 1 5.7108 1 0 . 1 5  acceptable 
6 1 1 1 8082 ·33.4695 1 1 5.5890 2 99 acceptable 
6 1 030001 ·33.5175 1 1 5.5397 3 03 acceplable 
6 1 0300 1 5  ·33.5725 1 1 5.5267 1 80 acceptable 
6 1 030029 ·33.6097 1 1 5.4864 1 76 acceptable 
61 030057 ·33.6352 1 1 5.4348 3 00 acceplable 
28.53 
36.70 
40.61 
2.28 
2.28 
34.43 
1 8.98 
1 8.97 
1 0.95 
8.40 
8.40 
2.32 
2.64 
1 3 .57 
8.94 
4.91  
4.91  
2.51 
5.  1 2  
5 . 1 2  
5 . 1 2  
7.31 
7.93 
6.38 
6.38 
7.91 
7.91  
1 1  .38 
3 . 1 9  
3.89 
0.99 
1 .6 1  
1 .61 
0.99 
1 4 .32 
0.95 
0.94 
5.24 
5.24 
5.24 
8.63 
8.63 
2.58 
2.74 
3.39 
4.05 
! 
5 
E 
E 
28.64 
36.79 
40.80 
2.53 
2.53 
34.69 
1 9.35 
1 9 . 1 3  
1 1 .  1 2  
8.43 
8.43 
2.55 
2.80 
1 3.73 
9.28 
4.88 
8.43 
2.78 
5.64 
5.64 
5.64 
7.770 
8.39 
6.90 
6.90 
8.02 
8.02 
1 1 .49 
3.57 
4.28 
1 .50 
2 . 1 8  
2 . 1 8  
1 .50 
1 4 .45 
28.73 
36.81 
40.72 
2.20 
2.20 
34.58 
1 9.05 
1 8.92 
10 .58 
8. 1 7  
8 .  1 7  
1 .95 
2.76 
1 3 .62 
8.85 
5.01 
8 . 1 7  
2.35 
5.  18 
5. 18 
5 . 1 8  
7.060 
7.68 
6.44 
6.44 
7.90 
7.90 
1 1 . 1 8  
3 . 15  
3.88 
0.63 
1 .02 
1 .02 
0.63 
14.44 
·0.09 
-0.02 
0.08 
0.33 
0.33 
0.  1 1  
0.30 
0.21 
0.54 
0.26 
0.26 
0.60 
0.04 
0.1 1 
0.43 
·0. 1 3  
0.26 
0.43 
0.46 
0.46 
0.46 
0.71 
0.71 
0.46 
0.46 
0 . 1 2  
0 . 1 2  
0.31 
0.42 
0.40 
0.87 
1 . 1 6  
1 .1 6  
0.87 
0.01 
1 .96 0.02 1 .93 
1 .3 1  0.80 0.51 
5.61 5.05 0.56 
5.6 1 5.05 0.56 
5.61 5.05 0.56 
9.07 8.85 0.22 
9.07 8.85 0.22 
3.05 2.07 0.98 
3 . 1 8  2.53 0.65 
4 . 1 5  3.03 1 . 1 2  
4.07 4.69 -0.62 
0.60 
0.20 
-0.60 
-0.50 
-0.50 
-0.45 
·0.80 
-0.01 
·0.80 
-0.30 
·0.30 
·0.40 
·0.09 
-0. 1 0  
-0.50 
0.20 
0.20 
·0.50 
- 1 .00 
- 1 .00 
- 1 .00 
0.00 
0.00 
-1 .00 
-1 .00 
0.25 
0.25 
0.20 
·O. 1 5  
-0.50 
-0. 1 0  
-0.10 
·0.60 
·0.02 
-0.20 
0.30 
0.30 
0.30 
-0.30 
-0.30 
-0. 1 0  
0 . 10  
-0.60 
0.33 
0.00 
0.03 
·0.02 
·0. 1 2  
·0. 1 2  
·0.03 
·0.01 
·0.02 
·0.03 
·0.01 
·0.01 
0.01 
0.00 
·0.01 
·0.02 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
·0.01 
0.00 
·0.01 
·0.01 
-0.02 
·0.02 
0.00 
·0.01 
·0.01 
·0.02 
·0.03 
·0.03 
·0.02 
·0.06 
28.54 
36.78 
40. 1 0  
2 .  1 8  
2 .  1 8  
34.26 
1 8 .60 
1 8.94 
1 0.46 
8 . 1 5  
8 . 1 5  
2.34 
2.62 
1 3 .46 
8.59 
4.97 
4.97 
2.1 5 
4.6 1 
4.61 
4.61 
7.01 
7.63 
5.87 
5.87 
7.93 
7.93 
1 1  .33 
3. 1 6  
3.87 
0.78 
1 .23 
1 .23 
0.78 
1 4.03 
-0.03 0.77 
·0.03 0.61 
0.07 5.59 
0.07 5.59 
0.07 5.59 
·0.03 0.61 
0.02 8.53 
·0.01 2.55 
0.02 2.83 
·0.03 3.27 
0.02 4.20 
� 
i 
E � ., 
fe.&1 
36.85 
40.23 
2.26 
2.26 
34.24 
1 8.57 
1 0 .57 
8.23 
8.23 
2.50 
2.72 
1 3 .79 
9.22 
4.95 
4.95 
2.63 
5.27 
5.27 
5.27 
7.50 
8. 12 
6.53 
6.53 
8.1 9 
8 . 1 9  
1 1 .53 
3 .57 
4.24 
1 .38 
2 . 1 3  
2 . 1 3  
1 .38 
1 4 .05 
1 .74 
1 .24 
5.70 
5.70 
5.70 
8.97 
8.97 
2.90 
3.52 
3.50 
7.52 
- 257 -
� 
i 
� 
fs.54 
40 1 3  
1 8 .67 
1 0 .88 
8 30 
8 30 
2.90 
2 77 
13  67 
8.94 
4 93 
4.93 
2 43 
4 62 
4 82 
4 82 
7 30 
7.92 
6 1 0  
6 1 0  
8.02 
8.02 
3 42 
4 1 3  
1 04 
1 76 
1 76 
1 04 
1 24 
1 .01  
8 70  
8 70  
0.03 
-0.06 
0.57 
0.27 
0.27 
0.45 
0.78 
0.55 
0.20 
0 20 
0.05 
0.08 
-0.06 
0.06 
-0.07 
-0.07 
0 . 1 5  
0.37 
0.37 
0 37 
0.27 
0.27 
0.37 
0.37 
·0.1 7  
-0. 1 7  
-0.04 
0.00 
0.04 
0 . 12  
0.05 
0.05 
0. 1 2  
0.40 
0.22 
0.06 
-0.09 
-0.09 
-0.09 
0 . 1 0  
0 . 1 0  
0 .  1 5  
·0.34 
0.65 
0.82 
::' 
9 
0.07 
0 . 1 0  
-0.10 
-0.31 
·0.07 
·0.07 
·0.40 
-0.05 
0.12 
0.28 
0.02 
0.02 
0.20 
0.45 
0.45 
0.45 
0.20 
0.20 
0.43 
0.43 
0.17 
0.17 
0 . 1 5  
0 . 1 1 
0.34 
0.37 
0.37 
0.34 
0.50 
0.23 
0.27 
0.27 
0.10 
0.67 
0 .68 
0.24 
0 . 1 3  
0 . 1 3  
-0.35 
0.03 
0.06 
0.34 
·0.05 
·0.05 
0.35 
0.82 
0.82 
0.82 
0.47 
0.47 
0.80 
0.80 
0.00 
0.00 
0.1 5 
0 . 1 5  
0.46 
0.42 
0.42 
0.46 
0.72 
0.30 
0.37 
0.37 
40.4 
1 8.80 
1 1 .1 0  
8.50 
8.50 
2.60 
2.80 
1 3.80 
9.20 
4.90 
4.90 
2.70 
5.30 
5.30 
5.30 
7.60 
8.20 
6.70 
6.70 
8 . 1 0  
8. 1 0  
3.50 
4.20 
1 .30 
2.20 
2 20 
1 .30 
1 .60 
8 80 
8 80 
26.60 
36.80 
40.1 
2.50 
2.50 
34.40 
1 8.60 
1 9.00 
1 0.70 
8.00 
8.00 
2.60 
2.70 
1 3.60 
8.80 
4.90 
4.90 
2.40 
4.90 
4.90 
4.90 
7.30 
7.90 
6 . 10  
6 1 0  
8 . 1 0  
8 . 1 0  
, ,  .so 
3.30 
4 00 
1 1 0  
1 70 
1 .70 
1 . 1 0  
1 4 .20 
1 .20 
1 . 1 0  
5.80 
5.80 
5.80 
8 60 
8 60 
3 00 
3.00 
3 90 
3 30 
0.74 
1 .06 
3.60 
5.88 
5.88 
0.00 
3.57 
1 .45 
4.35 
0.00 
0.00 
1 1 . 1 1 
7.55 
7.55 
7.55 
3.95 
3.66 
8.96 
8.96 
0.00 
0.00 
5 .71  
4.76 
15.38 
22.73 
22.73 
1 5.38 
25.00 
2.27 
2.27 
7.70 
9.40 
1 4.00 
1 2.90 
7 . 10  
36 . 10  
5.90 
1 8.50 
2 1 .30 
1 4.70 
25.50 
26.00 
1 2.60 
2.60 
2.40 
0 . 10  
1 .50 
Groundwater chemistry (blanks where no data is available) .. .. "' "' 0 "- g c 0 0 � E 0 0 ;;. I u :; s "' 0 .E "-... .§. u in 'E c • .. "-:, 2. .. E E ... .. c � "' 'i "' c 0 :, "' 8 c ,, 1! "' .. u c .:! ... 0 .!! .. E :,: .c c c ;;;: ; 0 x ; 9, 0 2 e 
5 6 9 0 0 . 0 2 2 4 . 2  7 . 5  
2 4 1  . 0  2 3 0 . 1  7 .  7 
1 4 6 . 0  1 5 7 .  7 6 . 9 
4 1 0 5 . 4  3 6 1 5 0 . 0  9 9 . 4  7 . 4 
5 1 0 5 . 4  3 6 1 5 0 . o  9 9 . 4  . 4  
2 7 5 . 3 9 7 5 0 0  . o  2 6 4 . 5  7 . 4  
1 1 0 3 8 3 . 3 4 2 1  . 9  6 . 9  2 4 0 0 . 0 
1 0 9 9  . o  9 3 . 0  6 . 3  
1 1  9 9  . o  9 3 . 0  6 . 3  
1 2 
1 3 
1 4 4 0 2  . 0  6 . 6  
1 5 1 3 4 . 0  1 8 1  . 4  . 8  
1 6 
1 7 
1 8 
1 9 3 2 8  . 0  2 0 1 0 0 0 . 0  4 0 1 .  7 . 3  
2 0  3 2 8  . 0  2 0 1 0 0 0 . 0 4 0 1 .  7 . 3  
2 1 3 2 8  . 0  2 0 1 0 0 0 . 0 4 0 1 .  7 7 . 3  
2 2  2 5 9 . 0  2 0 0 . 1  7 . 3  
2 3  1 3 7 . 0  5 7 7 0 0 0 . 0 6 8 5 . 2  6 . 3  
2 4  2 3 6  . 0  1 7 4 0 0 0  . o  3 1 8 . 8  . 2  
2 5  2 3 6  . o  1 7 4 0 0 0  . 0  3 1 8 . 8  . 2  
2 6  3 4 5  . 0  9 2 2 1  5 8  . 3  3 6 0 . 3  . 6  
2 7  3 4 5  . 0  9 2 2 1  5 8  . 3  3 6 0 . 3  . 6  
2 8  3 9 4 0 0 0 . 0 6 7 0 . 8  . 1  
2 9  3 2 6  . 5 1 2 8 3 7 8 8 . 5 3 8 6 . 8  . 7 4 3 4 7 8 . 0 
3 0  3 1 1  . 0  9 7 1 2 8 4 . 6 6 4 3 . 1  . 8  - 3 2 6 0 8 . 0 
3 1 3 4 2  . o  1 3 3 7 7 1 . 4 3 4 7 . 3  . 8  4 5 4 5 . 5 
3 2  1 0 4 . o  1 1 3 5 8 5 . 7  6 5 . 5  . 5  3 6 3 6 . 4  
3 3  1 0 4 . 0  1 1 3 5 8 5 . 7  6 5 . 5  . 5  3 6 3 6 . 4 
3 4 3 4 2 . 0  1 3 3 7 7 1 . 4 3 4 7 . 3  . 8  4 5 4 5 . 5 
3 5  3 5 7 . 0  1 0 1 5 1 6 .  7 3 . 5 7 . 5  4 9 4 .  7 
3 6 1 2 9 3 4 2 . 9 3 6 3 .  7 . 3  1 5 0 0 0 . 0 
3 7  3 3 5 0 0 0  . 0  
3 8  2 2 8  . 5 1 1 2 6 5 0  . 0  2 2 5 . 0  . 4  4 2 1 0 . 5  
3 9  2 2 8  . 5 1 1 2 6 5 0  . o  2 2 5 . 0  7 . 4  4 2 1 0 . 5  
4 0  2 2 8  . 5 1 1 2 6 5 0 . o  2 2 5 . 0  7 . 4 4 2 1 0 .  5 
4 1 3 7 . 0  1 3 8 9 7 9 . 3 1 6 7 . 0  6 1 1 2 7 2 .  7 
4 2  3 7 . 0  1 3 8 9 7 9 . 3 1 6 7 . 0  . 1  1 1 3 6 . 4  
4 3  3 8 4 . o  6 8 5 0 0 0 . 0 1 2 1  5 .  7 . 9  · 2 5 0 0 . 0 
4 4  2 . 0  8 3 0 0 0 . 0 4 5 7  . 8  . 9  
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Notes 
No recorded fires, but likely some in past from lightening. 
No records and no signs of fire for a long time. 
Burned in 1994 and 1991. 
Burned in 1991 and possibly in 2000. 
Most likely burned in 1991 Yanchep fire. 
Just north of fire boundary, so possibly burned in 1991 . 
Burned in 2001. 
No record of fire for last 15 years. 
Frequent arson in pockets of park. 
Frequent arson in pockets of park. 
Frequent arson in pockets of park. 
Ctty park land, no understorey to bum. But frequent fire. 
2001 fire aver 40 ha due to lightening. 6 major fires since 1975, 1 every 5 yrs. Freq. 
fire a problem, bUt not in area assessed. 
Relatively high fire frequency (like Kings Park) 
Frequent arson in pockets of park. 
One fire 3.5 yrs ago on later part of site. Frequent Arson. 
Low fire frequency. 
No records for longer than 7 years. 
No records for longer than 7 years. 
No records for longer than 7 years. 
Nearby burnt 1995, and as recent as Feb 24th 2003. 
No record. Shire land. Nr road so high chance. 
No records for longer than 7 years. Anecdotally maybe up to 20 years. 
No underslofey to have a f�e. Parkland. 
No records 
Some arson at site, but no policy on burning by the Ctty of Mandurah. 
Last recorded fire 
1 995 last fire """"t 
12 year fire very close. 
1 972 only fire recorded 
More than 65 years recorded. 
Recorded fire 1 1  years ago. 
1 996 fire """"t. 
1972 only fire recorded 
Only one event recorded 
No recorded fire in last 22 years. 
Frequent fires. Near farms and houses, less water. One 10/12 years ago. 
No fires observed within at least 20 years. Regular before as land grazed. 
No fires observed within at least 20 years. Regular before as land grazed. 
No fires observed within at least 20 years. Regular before as land grazed. 
No record. Shire Janet 
From DCLM records (aprox.) 
From DCLM records (aprox.) 
From DCLM records (aprox.) 
From DCLM records (aprox.) 
From DCLM records (aprox.) 
Main source of Information 
lngfis., 2003. Pers Comms. (DCLM Wanneroo). 
Pers. Observations. 
Inglis., 2003. Pers Comms. (DCLM Wanneroo). 
Inglis., 2003. Pers Comms. (DCLM Wanneroo). 
Inglis., 2003. Pers Comms. (DCLM Wanneroo). 
Inglis., 2003. Pers Comms. (DCLM Wanneroo). 
lng6s., 2003. Pers Comms. (DCLM Wanneroo). 
lng6s., 2003. Pers Comms. (DCLM Wanneroo). 
lng6s., 2003. Pers Comms. (DCLM Wanneroo). 
Inglis., 2003. Pers Comms. (DCLM Wanneroo). 
Armstrong, 2002. Pers. Comms. (Joondalup City Council). 
Pers. Observations. 
Murphy., 2002. Pers. Comms. (Friends of Trigg Bushland). 
Pers. Observations. 
Environmental Correlates and Tuart Decline 
Appendix 4. 
Rudroth., 2003. Pers. Comms.(Kings Park and Bold Park Botanical Gardens Authortty). 
Chaplin., 2003.; Anonymous, 1996.; Duckham, Pers. Comms. 2003 (Clontarf Hill Action Group). 
Fox & Majer, 1 980; Powell & Emberson, 1981 ; W AfT, 1 981 .  
King, 2002. Pers. Comms. (DCLM Rockingham). 
King, 2002. Pers. Comms. (DCLM Rockingham). 
King, 2002. Pers. Comms. (DCLM Rockingham). 
King, 2002. Pers. Comms. (DCLM Rockingham). 
King, 2002. Pers. Comms. (DCLM Rockingham). 
King, 2002. Pers. Comms. (DCLM Rockingham). 
Pers. Observations. 
Pers. Observations. 
Malta, 2003 Pers Comms.; Smith, 2003 Pers Comms. (Friends of Peel Easturary). 
Dutton., 2003. Pers Comms. (DCLM Mandurah) and Archibald (Murdoch University). 
Dutton., 2003. Pers Comms. (DCLM Mandurah) and Archibald (Murdoch Universtty). 
Dutton., 2003. Pers Comms. (DCLM Mandurah) and Archibald (Murdoch University). 
Dutton., 2003. Pers Comms. (DCLM Mandurah) and Archibald (Murdoch Universtty). 
Dutton., 2003. Pers Comms. (DCLM Mandurah) and Archibald (Murdoch University). 
Dutton., 2003. Pers Comms. (DCLM Mandurah) and Archibald (Murdoch University). 
Dutton., 2003. Pers Comms. (DCLM Mandurah) and Archibald (Murdoch University). 
Dutton., 2003. Pers Comms. (DCLM Mandurah) and Archibald (Murdoch University). 
Dutton., 2003. Pers Comms. (DCLM Mandurah) and Archibald (Murdoch University). 
Dutton., 2003. Pers Comms. (DCLM Mandurah) and Archibald (Murdoch University). 
Henderson., 2003. Pers oomms.(DCLM Bunbury). 
Henderson., 2003. Pers comms.(DCLM Bunbury). 
Henderson., 2003. Pers comms.(DCLM Bunbury). 
Henderson., 2003. Pers comms.(DCLM Bunbury). 
Pers. Observations. 
Keis., 2003. Pers. Comms. (DCLM Bussefton). 
Keis., 2003. Pers. Comms. (DCLM Bussefton). 
Keis., 2003. Pers. Comms. (DCLM Busselton). 
Keis., 2003. Pers. Comms. (DCLM Busselton). 
Keis., 2003. Pers. Comms. (DCLM Busselton). 
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National Parl<. Probably some grazing and bee keeping 
No records - shire land, non managed now or in past. 
National Parl< 
National Park 
Notes on disturbance 
Cleared understorey for farmland. Recently acquired by Y anchep NP. 
Former Old stock route. 
Former Old stock route. 
Former Old stock route. Some trail bikes and fly tipping. Near extraction of Hmestone in the 19005 
1 975 formed park. Modified by recreationaJ uses. 
1975 formed park. Modified by market gardens and recreational actiWies. 
Active management for only past 3 years byJoondalup Cily. 1909 land was reserved. 19705 water pipes laid across site by WRC. 
Currently managed as parkiand. 
Recreational land and past grazing 
Grazing and some timber harvest 
Pers Observations. 
Pers Observations. 
Main sources of Information 
Tholen, 2003. Pe<S. Comms. (DCLM Yanchep). 
Tholen, 2003. Pe<S. COmms. (DCLM Yanchep). 
Tholen, 2003. Pe<S. COmms. (DCLM Yanchep). 
DCLM, 200:lb. 
DCLM, 200:lb. 
DCLM, 200:lb. 
Bowra et al., 2000. 
Bowra et al., 2000. 
Armstrong, 2002. Pers. Comms. (Joondalup City Council). 
Pers Observations. 
Murphy, 2003. Pers. COmms. (Friends of Trigg Bushland). 
Rudroth, 2003. Pers. Comms. (Kings Park and Boid Park Botanical Gardens Authority). 
Vekit grass production, grazing, hunting, logging, clearing, quarrying for limestone, and planting of exotics. 1872 set aside, 1900 reserve status Yates, 1998. 
1830 used as farmland and 1 950s market gardening (south-eastern end) Chaplin., 2003.; Anonymous, 1996.; Duckham, Pers. Comms. 2003 (Clontarf Hill Action Group). 
Reserve. Area used for many historic uses; railway, quarantine centre, and explosives. Fox & Majer, 1980; Powell & Emberson, 1981; WAIT, 1981. 
National park. Probably some grazing. 
National park. Probably some grazing. 
Probably not farmed due to low water1able. Some timber harvest for fire wocx:I. Some of site grazed. 
Probably not farmed due to low water1able. Some timber harvest for fire wocx:I. Some of site grazed. 
No management. Some current road construction and destruction of habitat. 
Reserve, no signs of past use. 
Parkland. 
Deep sedge patch so probably not used for agriculture. Some selective harvest. 
Low value land, no history of grazing. 
1970 National Park formed. Previous little agricultural value. 
1 970 National Park formed. Previous little agricultural value, but some sekciive timbering. Some grazing on part of site. 
1970 National Park formed. Previous little agricultural value. 
1970 National Park formed. Previous little agricultural value. 
1970 National Park formed. Previous little agricultural value. 
1970 National Park formed. Previous little agricultural value. 
1970 National Park formed. Previous little agricultural value. 
1970 National Park formed. Previoos little agricultural value. Possibly some grazing in this area. 
1970 National Park formed. PrevtOUs little agricultural value. Some clearing due to proximity to Old Coast Road. 
Plantation buffer strip behind reserve. Maybe 30 years old. 
National park - no likely disturbances 
1963-1990 used as a site for acK:I effluent disposal, produced by titanium dioxide production. Pre that grazing 
1 963-1990 used as a site for acK:I effluent disposal, produced by titanium dioxide production. Pre that grazing 
1963-1990 used as a site for acid effluent disposal, produced by titanium dioxide production. Pre that grazing 
Unknown 
1800 grazing and timber cutting. 1920-197 4 - increased timber harvesting. 1987 National park formed. 
1 800 grazing and timber cutting. 1920-1974 - increased timber harvesting. 1987 Nalional park formed. 
1800 grazing and timber cutting. 1920-197 4 - increased timber harvesting. 1987 National park formed. 
State Forest - plantation buffer with pine invasion 
1800 grazing and timber cutting. 1920-197 4 - increased timber harvesting. 1987 National park formed. 
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DCLM, (200:lb). 
DCLM, (200:lb). 
DCLM, (200:lb). 
DCLM, (200:lb). 
DCLM, (200:lb). 
DCLM, (200:lb). 
DCLM, (200:lb). 
Pers Observations. 
Malta, 2003 Pers Comms.; Smith, 2003 Pers Comms. (Friends of Peel Easturary). 
Portlock etal., 1995. 
Portlock eta/., 1995. 
Portlock et al .. 1995. 
Portlock et al., 1995. 
Portlock et al., 1995. 
Portlock et al., 1995. 
Portlock et al .• 1995. 
Portlock et al., 1995. 
Portlock et al., 1995. 
Pers Observations. 
Pers Observations. 
Oma, 1998; Tores & Rosier, 1995; and Henderson, 2003. Pers. Comms. (DCLM Bunbury). 
Oma, 1998; Tores & Rosier, 1 995; and Henderson, 2003. Pers. Comms. (DCLM Bunbury). 
Oma, 1998; Tores & Rosier, 1 995; and Henderson, 2003. Pers. Comms. (DCLM Bunbury). 
Pers Observations. 
Broadbent, 2002.; DCLM, 200:lb. 
Broadbent, 2002.; DCLM, 200:lb. 
Broadbent, 2002.; DCLM, 200:lb. 
Broadbent, 2002.; DCLM, 200:lb. 
Broadbent, 2002.; DCLM, 200:lb. 
Appendix 4. 
Pollution factors 
f .. .. f 0 .. .. u f c l; e 0 .. .., u .. .. 0 ii • .. :, .. .. u :, � • .. .; 2 .. e u 0 E .. .. :, � c f ,5. .. .; .; � c e 0 c 0 .. ¥ 0 '; : f f f .,: .. .. :, .. .!! .. • .. CL c .., 0 c c '& c c f : .. "3 j .. ,ii � 0 .. 0 .. .!! 0 E " c c c .. "' .., 0 c c ] "3 '; c ... ,g u :, .. c .!! .!! l! .!! .!! 0 u 0 .., c D u 0 .!! e .!! ] ';; 0 ii '& ';; .. .. 0 :, :g_ g .. .. .. c iii CL .!!. c u ';; .. 0 � u u u .!! 0 "3 CL "3 :;; c { • ,: c c c c >, s f "3 :i .., CL u .., u E .!!! E u .!!! .., .!!! e ! .!!! 0 c ii CL .. '& :, = ii .. . 0 .!! 0 .. .. • . .. .. ... u ;:: l;l d .!!. 0 c B : z 9 2i !" 2i "' e 2i P, x 
1 0 .4 2 4 0  0 .4 6 9 0  0 .4 7 4 4  4 . 1 0 2 1  4 . 8 9  G u  i lde rto n R u ra l  3 . 8 1  0 . 4 3  0 . 4 3 3 5  1 0 3 . 1  1 
2 0 .3 4 4 1  0 . 3 9 4 0  0 . 3 9 4 0  3 .3 9 6 2  4 . 2 5  G u ilderto n R u ral  5 .6 3  0 . 0 4  0 . 3 5 1 3  9 6 .4 
3 0 . 1 4 9 1  0 .2 0 1 2 0 . 2 0 1 2  1 .6 5 4 6  6 . 0 5  Y a n c h e p  R u ra l  2 . 0 9  1 .2 0 . 1 5 1 8  7 6 .4 
4 0 . 1 3 3 5  0 . 1 3 9 3  0 . 1 3 9 3  1 .2 3 6 3  5 . 5 6  Y a n c h e p  R u ra l  0 . 1  0 . 1 6  0 . 1 3 5 2 70 .3  2 
5 0 . 1 3 4  7 0 . 1 2 9 5  0 . 1 2 9 5  1 . 1 8 1 3  5 . 5 2  Y a n c h e p  R u ra l  0 . 6 8  0 . 1 5 0 . 1 4 3 8  6 9 . 4  1 
6 0 . 1 1 9 4 0 . 0 8 2 6  0 . 0  8 2 6  0 . 8 5 3 7  6 . 1 2 O u  i n n 's R o c k  S e m i  r u ra l  0 . 1 1 0 . 1  0 . 1 2 7 0  64 . 5  2 
0 . 1  044 0 . 0 3  69 0 . 0 2 9 0  0 .5 1 1 0  5 . 1 3  O u in n 's R o c k  S e m i  rural  0 .2 6  0 . 1 8 0 . 1 0 2 9  5 7  . 3  4 
8 0 . 0 9 1 6  0 . 0 1 0 2 0 . 0 1 0 2  0 . 3 3 6 2  4 . 9 9  O u in n 's R o c k  U r b a n  2 . 3 9  0 . 0 4  0 . 0 8 7 5  5 5 .2 4 
9 0 . 0 4 9 6  0 .0 4 1 0  0 . 0 6  5 6  0 .4 6 8 5  0 J o o n d a lu p U rb a n  1 . 1 0 . 0 7  0 . 0 3 3 6  s o . a  3 
1 0 0 . 0 2 2 9  0 . 0 2 2 9  0 . 0 3 6 9  0 . 2 4 8 2  W a n n eroo  U rb a n  0 . 5 6  0 . 1 2  0 . 0 2 1 2  4 6 . 5  3 
1 1  0 . 0 1 0 2  0 . 0 1 0 2 0 . 0 5 1 2  0 .2 1 5 1  0 C ra ig ie U rb a n  0 . 2  0 . 1 4  0 .0 0 9 5  4 5 . 0  3 
1 2  0 . 0 4 2 2  0 . 0 2 0  5 0 . 0 2 05 0 .2 4 9 6  0 M a ra n g a r o o  U rb a n  0 . 6 8  0 . 1  0 . 0 4 0 9  4 2 . 5  3 
1 3  0 . 0 6 4 8  0 . 0 8 2 6  0 . 1 0 8 9  0 . 7 6 8 6  0 T rigg U rb a n  0 . 3 8  0 . 1 7 0 . 0 7 0 2 3 5 . 5  3 
1 4  0 .0 4 1 0  0 . 0 3 0 7  0 . 1 4 9 1  0 .6 6 2 4  0 C a m b rid g e  U rb a n  0 . 2 3  0 .2 3  0 .04 0 9  2 8 . 0  4 
1 5  0 . 0 2  2 9  0 . 0 2 9 0  0 . 1 2 3 3  0 . 5 2 5 6  0 S u b ia c o  U rb a n  0 . 2  0 . 0 1  0 . 0 2 4 2  2 5 .8 4 
1 6  0 . 0 2 2 9  0 . 0 4 5 8  0 . 0 4 5 8  0 . 3 4 3 5  0 F re m a n tle U rb a n  0 . 0 5  0 . 0 5  0 .0 2 6 9  1 3 . 7 5 
1 7  0 . 0 5 5 1  0 . 0 1 4 5 0 . 0 2 2 9  0 . 2 7 7 6  W o o d m a n  p n t  U rb a n  0 . 7 3  0 . 1 1 0 . 0 5 1 2  7 .6 4 
1 8  0 . 0 4 5 8  0 . 0 4 3 4  0 . 0 3 6 9  0 . 3 7 8 5  2 . 5 1  R o c k in g h a m S e m i  rura l  0 . 1  0 . 1  0 . 0 4 5 1  1 2 . 4  2 
1 9  0 . 0  7 2 4  0 . 0 6 8 7  0 . 0 6 8 7  0 . 6 2 9 4  2 .2 R ock ing h a m  S e m i  rural  0 . 1  0 . 1  0 .0 7 5 2 1 5 . 7 2 
20 0 . 1 2 2 9  0 . 1 1 9 9 0 . 1 1 9 9 1 . 0 8 7 9  2 . 1  S e cre te H ar b o u r  R u ral  0 . 8 6  0 . 2 3  0 . 1 2 1 3  1 5 .9  2 
2 1  0 . 1 4 3 7  0 . 1  3 9 3  0 . 1 3 6 6  1 .2 5 9 0  2 . 3 2  P e e lh u r s t  R u ral  0 . 8 6  0 .0 2  0 . 1 4 1 5  2 2 . 0  2 
2 2  0 . 1 5 4 0  0 . 1 5 2 2  0 . 1 5 2 2  1 .3 7 5 3  0 . 7 9  P e e lh u r s t  R u ral  0 . 3 6  0 . 8  0 . 1 4 8 2  2 4 . 6  3 
2 3  0 . 1 6 3 9  0 . 1 5 9 0  0 . 1 5 9 0  1 .4 4 5 5  1 .6 1  P e e lh u r s t  R u ral  0 . 6 9  0 . 0 6  0 . 1 6 1 6  2 6 . 6  2 
2 4  0 .2 1 7 2 0. 2 1 7 0 0 . 2 1 7 0 1 .9 5 3 8  0 M e a d o w  S p rin g s  U rb a n  0 . 7  0 .7 0 .2 1 7 0 3 2 . 3 3 
2 5  0 . 0 2 2 6  0 . 2 2  3 7 0 . 2 2 3 7  1 .4 0 9 9  0 . 5 6  M e a d o w  S p rin g s  S e m i  rural  0.84 0 . 1 3  0 . 2 2 9 7  3 3 . 4  2 
2 6  0 . 2 9  7 7  0 .3 5 1 9  0 . 2 9 7 7  2 . 8 4 2 0  4 . 2 F a  Ic o n  S e m i  rural  0 . 3  0 . 0 9  0 . 3 0 3 5  48 . 1  2 
2 7  0 .3 0 1 3 0 .3 9 8 3  0 . 3 1 1 5  3 .0 3 3 3  1 2 .4 7 F a  Ic o n  R u ra l  1 .9 7  0 . 1 1 0 .3 0 7 6  5 6 . 5 2 
2 8  0 .3 0 4 5  0 . 3  4 8 8  0 . 3 0 4 5  2 .8 7 3 3  1 8 . 5 8  F a  Ic o n  R u ra l  2 . 2 6  0 . 1 2  0 .3 0 2  5 6 1 . 5  
2 9  0 .2 3 0 1 0 .2 7 0 6  0 . 2 3 0 1  2 . 1 9 2 5  2 8 . 1 3 F a lc o n  R u ra l  0 . 1 1 0 .4 0 .2 3 8 7  7 0. 7  
3 0  0 .2 5 1 1 0 . 2  7 5  7 0 . 2 5 1 1  2 .3 3 3 6  3 1 .2 7  F a lc o n  R u ra l  1 . 9 1  0 .0 4  0 .2 5 4 8  7 4 . 4  
3 1  0 .2 1 6 0 0 . 2 3 6 4  0 . 2 1 6 0 2 .0 0 5 5  2 8 . 1 6 H a rve y  R u ra l  0 . 2 8  0 . 1 4  0 .2 5 4 8  7 7  . 4  
3 2  0 . 1 9 5 7  0 .2 1 3 8 0 . 1 9 4 8  1 .8 1 3 0 2 6 . 1  H a rv e y  A u ral  0 . 0 7  0 . 0 6  0 . 2 2 2  0 7 7  . 8  
3 3  0 . 1 9 4 8  0 . 2 0 8 9  0 . 1 9 4 8  1 .7 9 5 7  2 4 . 1 9 H arve y  R u ral  0 . 8  0 .4 0 .2 0 2 4  8 0 . 3  2 
3 4  0 .2 1 6 0 0 . 2 2 7 4  0 . 2 1 6 0 1 .9 7 8 4  1 9 .7 3  H a rv e y  R u r a l  2 . 1 4  0 .0 2  0 . 1 9 8 0  8 1 . 9 2 
3 5  0 . 1 8 2 3  0 . 1 9 4 6  0 . 1 8 2 3  1 .6 7 7 8  2 0 . 0 6  H a rv e y  R u ra l  0 . 3  0 . 3  0 .2 1 6 3 8 5 . 3 
3 6  0 . 1 3 3 1  0 . 1 8 4 6  0. 1 3 3 1  1 .3 5 2 7  1 4 . 8 2  H a rvey R u ra l  1 . 0 7 0 . 0 2  0 . 1 3 6 2  9 1 .  7 
3 7  0 . 1 2 8 3  0 .0 1 2 8 0 . 1 2 8 3 0 .8 0 8 4  1 9 . 0 7  H a rv e y  R u ral  0 . 5 7  0 .0 8  0 . 1 3 5 4  9 9  . 9  
3 8  0 . 0 6 23 0 .0 7 2 4  0 . 0 7 2 4  0 .6 2 1 4  1 5 . 0 1  B u n b u r y  R u ra l  2 . 3 5  0 . 2 1 0 .0 7 0 2  1 1 1 .2 
3 9  0 . 0 6 1 4  0 . 0 6 1 4  0 . 0 7 1 7  0 . 5 8 3 7  1 3 . 3 3  B u n b u ry R u ral  2 . 5 5  0 . 0 1  0 .06 0 5  1 1 3 .2 
4 0  0 .0 5 5 1  0 . 0 5 5 1  0 . 0 6 4 8  0 . 5 2 5 2  1 1 .3 5  B u n b u ry R u ra l  2 .9 8  0 . 1 4  0 .0 6 2 0  1 1 5  . 1  
4 1  0 . 0 7 9 9  0 .0 8 4 4  0 . 0 8 4 4  0 . 7 4 6 4  0 . 1 3 B u n b u ry S e m i rural  1 .9 3 0 .4 0 . 0 8 1 0  1 3 2 . 0  
4 2  0 . 0 2  7 5 0 . 0 5 1 2  0 . 1 8 8 0  0 . 8 0 0 1  1 2 .4 1 B u n b u r y  R u ra l  2 . 6 8  0 . 2 1  0 . 0 2 4 2  1 4 3 . 4  
4 3  0 .0 5 1 5  0 . 0 5 2 2  0 . 2 1  3 1  0 .9 5 0 3  1 9 . 3 4  B u s s e lton R u ra l  3 . 0 8  0 . 5 2  0 . 0 5 3 8  1 5 0 . 3  
4 4  0 . 0 5 9 8 0 . 0 6 2  3 0 . 1 9 3 2  0 .9 4 5 9  1 7  . 3 8  B u s s e lto n R u ra l  1 .9 0 . 1 2  0 . 0 6 3 8  1 5 3 . 6  
4 5  0 . 1 1 0 9 0 . 1 1 4 5  0 . 1 3 7 4 1 .0 8 8 4  1 1 . 4 3  B u s s e lto n R u ral  0 . 5 8  0 . 1  0 . 1 2 3 5  1 5 8 . 6  
4 6  0 .0 1 6 5 0 . 0 8 7 5  0 . 8  7 5 0  2 . 9 3 7 0  6 . 8  B u s s e lto n R u ra l  0 .6 0 . 1 4  0 . 1 7 2 0  1 6 2 . 2  
- 262 
Environmental Correlates and Tuart Decline 
Appendix 5. 
APPENDIX FIVE 
Study Site Hydrographs 
Hydrographs for study sites used to calculate hydrological factors . Graphs show 
groundwater depth in metres below ground level . Data provided by the WRC (2003) . 
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Environmental Correlates and Tuart Decline 
Appendix 6. 
APPENDIX SIX 
Annual rainfall herids (mm per 1 00 years) 195G-2002 
-25 -20 -1 5 -1 0 -5 5 10  1 5  20 25 
Map of annual rainfall change in mm per 100 years (1950 to 2002), used to 
determine long-term rainfall change across the Tuart distribution. Extracted 
from Jeffrey et al (2001) and kindly supplied by Ian Smith (CSIRO). 
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Percentage rain reduction annual 1 994 
>-1 to -4 % 
Percentage rain reduction annual 1 976 
Environmental Correlates and Tuart Decline 
Appendix 6. 
Percentage rain reduction winter 1 994 
>-1 2  to -1 7 % 
Percentage rain reduction winter 1 976 
I� 
• Study Sites 
-$- Weather stations 
N Coast line 
1 :3436688 
Generalised percentage rainfall change isoclines from four interpolations of 
rainfall change from 1925-1975 to 1976-2002 and from 1986-1994 to1994-2002. 
Based on Arcview Spline interpolation (tension) derived from BOM (2003) 
weather station data. Australia polygon from ANZLIC (2003). 
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Environmental Correlates and Tuart Decline 
Appendix 6. 
Australian coastli ne 
polygon and u rban 
extent, and centre 
names are provided 
by ANZLIC (2001 ) .  
Pollution sources 
selected from the 
National Pol lution 
Inventory (2003) .  
Pol l ut ion sou rces 
and u rban areas 
± Water pollution sources 
-x- Land pollution sources 
M Air pollution sources 
Population centres 
... Study Sites 
l<'.f IU Urban Areas 
N 
W * E 
s 
0 20 Ki lometers 
���� 
20 
Pollution sources used to calculate pollution interpolations from the NPI (2003), 
with urban areas marked. 
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Additional Correlations Tables 
Environmental Correlates and Tuart Decline 
Appendix 6. 
Key environmental factors against all other environmental factors, important 
significant and strong Spearman's (Rs) RHO correlations shown (P = <005, 
blanks if no correlation or no entry, n = 46 in all cases). 
<10cm DBH Tuart Litter depth Ammonlum N Distance to coast 
Factors except 1;lltter cover 
Rs p Rs p Rs p Rs p 
Soil ammonium N content 0.348 0.018 0.319 0.031 
Soil nitrate N content 0.293 0.048 
Soil iron content 0.389 0.008 0.375 0.01 
Soil potassium content 0.305 0.039 0.512 0 
Soil sulphur content 0.463 0.001 
Soil conductivity 0.47 0.001 
Soil organic carbon content 0.354 0.016 0.463 0.002 
Soil texture >2000? m 0.383 0.009 0.359 0.014 
Soil texture > 1000? m 0.37 0.0 1 1  0.537 0 
Soil texture >250? m ·0.305 0.039 -0.322 0.029 
Soil texture ,63? m -0.328 0.0261 
Latitude 0.425 0.003 
Distance to coast 0.398 0.006 0.319 0.031 
% cover exotics -0.307 0.038 
Number of native creepers 0.342 0.02 
% cover natives 0.295 0.047 
Litter depth 0.328 0.026 0.348 0.081 
Air pollution calculation 0.362 0.014 
Distance to sulphur sources 0.294 0.047 
Distance to nearest edge -0.363 0.013 -0.4 15  0.004 
Native surrounding vegetation -0.398 0.006 
Water surround vegetation ·0.318 0.031 ·0.857 
Cleared surround vegetation 0.529 0 
Time since major disturbance 0.345 0.019 
Total Tu art height -0.44 0.002 
DBH or BA -0.596 ·0.336 0.023 
lntertree competition -0.422 0.003 
Total TuarV hectare 0.703 0.398 0.006 
Total < 10cm DBH TuarV hectare 0.328 0.026 
Total >10cm DBH TuarV hectare 0.386 0.008 
Total >50cm DBH TuarV hectare ·0.314 0.034 
Annual rainfall change (pre/post 1 994) ·0.372 0.001 
Annual rainfall change (pre/post 1 976) 0.383 0.009 
Winter rainfall change (pre/post 1976) ·0.358 0.015 
Winter rainfall 
Winter max temperature 0.439 0.002 0.312 0.035 
Summer max temperature 0.404 0.005 0.446 0.002 
Winter min temperature 0.351 0.017 
Summer min temperature 0.435 0.003 
Annual max temperature 0.444 0.002 0.401 0.006 
Annual min temperature 0.416 0.004 
Winter dewpoint 7am 0.308 0.037 
Summer dewpoint 3pm 0.358 0.014 
Annual dewpoint 7 am 0.298 0.044 
Winter evaporation 0.427 0.003 
Summer evaporation 0.429 0.003 
Annual evaporation 0.429 0.003 
Total crown width -0.467 0.001 ·0.368 0.012 
Summer groundwater depth change (2002 to 1 99) 0.317 0.034 
Annual drawdown (2002) 0.297 0.045 
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